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ABSTRACT
Prediction of Struvite Formation Potential in EBPR Digested Sludge 
Using Mass Balances, Batch Precipitation Tests, 
and. Chemical Equilibrium Modeling
by
Hyunju Jeong
Dr. Jacimaria R. Batista, Examination Committee Chair 
Associate Professor of Environmental Engineering 
University of Nevada, Las Vegas
Digested sludge liquors from wastewater treatment plants that include enhanced 
biological phosphorus removal (EBPR) have the potential to form struvite 
MgNH4? 04'6H20). The potential can be determined by the concentrations of struvite 
constituents including phosphorus, ammonium, and magnesium.
The work presented in this tliesis focuses on determining the potential for struvite 
formation at the City ofLas Vegas Water Pollutant Control Facility (WPCF) due to the 
introduction o f EBPR. Specifically, the struvite formation potential of digested sludge 
ceritrate was investigated using mass balances, batch tests, and chemical equilibrium 
modeling with the software MINEQL+. The results of the mass balance indicated that 
phosphate concentrations greater than 250 mg/L are likely to be found in the centrifuge 
centrate at WPCF. Batch precipitation test, modeling results, and x-ray diffraction of 
precipitates indicate that the probability that struvite can be formed at WPCF is great. 
Three alternatives are provided to WPCF to prevent struvite formation.
Ill
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CHAPTER 1
STATEMENT OF THE PROBLEM AND OBJECTIVES 
Enhanced biological phosphorous removal (EBPR) process is becoming widely used 
as it produces effluents with very low phosphorous concentrations and also because 
chemical phosphorus removal process with metal ions has several disadvantages. These 
disadvantages include increased sludge production, chemical costs, and chemical feed 
control requirements. EBPR enhances the ability of specific bacteria named PAO’s 
(phosphorus accumulating organisms) to uptake phosphorous and use the bacterial cell as 
a means to remove phosphorus firom wastewater. The increasing capacity for 
phosphorous uptake by PAO’s is accomplished by submitting bacteria to anaerobic and 
aerobic cycles. The bacteria release orthophosphate under anaerobic conditions and 
under aerobic conditions they uptake more orthophosphate than they released in the 
anaerobic zones. The sludge generated firom EBPR contains, in general, 4 ~ 4.5% 
phosphorus on a dry weight basis which is about twice that of a normal sludge biomass 
(Rittmann et al., 2001). However, phosphorus concentration as h i ^  as 15% has been 
reported (Grady et al., 1999). Therefore, EBPR can be used to remove 80 ~ 90% of 
influent phosphorus firom wastewater as polyphosphate without chemical addition. The 
sludge generated by biological phosphorus removal systems has to be handled with care 
to avoid phosphorus release from the microbial cells during anaerobic sludge digestion, 
conditioning, or dewatering. Significant phosphorus release is not observed during
1
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digestion of sludges produced by chemical phosphorus removal because phosphorus is 
strongly bound to the metal ions used as coagulants. The dissolved phosphorous released 
from EBPR sludge in anaerobic digesters can result in the formation of struvite inside 
digesters, in digested sludge pipelines, sludge supernatant system, or centrifuges.
Struvite (magnesium ammonium phosphate - MgNH4P04.6H20) is a scale and its 
formation causes operational problems because it changes the capacity of pumps and 
pipes associated with wastewater treatment system. In the formation of struvite during 
anaerobic digestion, phosphorus is supplied by released orthophosphate(P04 ‘^) from the 
sludge solids. Ammonia comes from die degradation of nitrogenous material contained 
in the primary sludge. Magnesium originates from the degradation of organic material 
and poly-P hydrolysis (Wild et al., 1997, Jardin and Popel, 1996). In addition, when the 
plant is located in a region where the water is hard or in a coastal area, there also exists 
enough magnesium to promote struvite precipitation.
To discharge wastewater effluent with low P concentration, the City of Las Vegas 
Water Pollutant Control Facility (WPCF) is required to remove 95 % of the phosphorus 
entering the plant to prevent Lake Mead from being eutrophic and to satisfy phosphorus 
discharge requirements. To meet the plant’s total maximum daily loading (TMDL), the 
concentration of phosphorus in the effluent at WPCF must be about 0.26 mg as P/L. In 
the past, the plant used chemical phosphorus removal. In the new expansion, WPCF will 
introduce EBPR to treat 30 MGD of its wastewater. Phosphorus removal from the other 
60 MGD will be by chemical precipitation using FeCls. The EBPR sludge to be 
generated by the plant will contain phosphorus, as polyphosphate, that is likely to be 
released during anaerobic digestion. After the WPCF expansion is completed, three types
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
of sludge will be present in the WPCF’s digesters; (a) primary sludge containing 
phosphorus precipitated chemically with F ed ], (b) secondary EBPR sludge, and (c) 
Secondary sludge from the non-EBPR system. Once the sludges are mixed in the 
digesters, the potential for struvite formation will depend on the relative concentrations of 
ammonia, magnesium, and orthophosphate. Given the Las Vegas wastewater is hard and 
that ammonium is generally present in sufficient amounts, the potential for struvite 
formation at WPCF is likely to be controlled by orthophosphate concentration.
1.1 Objectives of the Research and Hypotheses
The objective of the research performed for this thesis is to determine the struvite 
formation potential at WPCF when EBPR is introduced. Literature review on struvite 
formation conditions and knowledge of struvite and WPCF influent water chemistry 
indicated that: (a) When the molar ratio of struvite component (Mg^^, NH4'*', P04 ’^) for 
struvite is satisfied in sludge liquors, struvite can be formed; (b) pH and temperature are 
critical.
To predict struvite formation potential, several hypotheses were made and 
experiments were performed on the basis of the hypotheses. It was hypothesized that for 
the City of Las Vegas Water Pollutant Control Facility (WPCF):
1. Struvite is likely to form at the WPCF because all the chemical components 
needed for struvite formation are likely to be present at high concentration in the digester 
supernatant. Anaerobic digestion of EBPR sludge is likely to release sufficient 
orthophosphoms to form stmvite. The wastewater in the Las Vegas area contains high 
concentrations of calcium (> 40 mg/L) and magnesium (> 36 mg/L) and ammonia
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concentration in anaerobic digestion supernatant at WPCF has been reported to be 
generally above 750 mg/1.
2. A mass balance approach can be used to determine critical streams to struvite 
formation and predict the potential orthophosphate concentrations in the digesters due to 
the implementation of EBPR. This is possible because the ratios of solid destruction and 
phosphorous release investigated in the mass balances can be applied to the future 
operating conditions where 90 MGD of wastewater will be processed using both 
chemical and biological P removal.
3. Chemical equilibrium modeling coupled with laboratory tests of critical streams 
can be used to forecast the conditions needed for struvite formation at WPCF. 
Contrasting laboratory test results with those generated by the chemical equilibrium 
modeling can be used to test the model predictions and establish tlie optimum conditions 
for struvite precipitation.
1.2 Research Tasks 
To test these hypotheses, several tasks were performed:
Task 1 - Performing Mass Balances of Critical Parameters in the City of Las Vegas - 
Water Pollutant Control Facility
This task involved collecting existing plant operating data and filling out data gaps.
Mass balances of interest included suspended solids, orthophosphoms, total phosphoms, 
and ammonia. Sampling and analysis of critical parameters throughout the plant were 
performed to obtain data to complete mass balances.
Task 2 - Mass Balance of Orthophosphoms around Digesters
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The extent of orthophosphoms release from primary sludge, secondary WAS (Waste 
Activated Sludge), and EBPR (Enhanced Biological Phosphoms Removal) WAS, under 
current conditions, in the digester was calculated to allow for future prediction. This was 
estimated by comparing orthophosphate concentration at pre-digestion and post-digestion 
condition and by considering the destruction of suspended solids in the digesters.
Task 3 - Stmvite Precipitation Tests using Actual Centrate from the Plant
In this task, centrifuge centrate from the plant was tested for its potential to generate 
stmvite. This centrate contains significant amounts of ammonia, magnesium and 
phosphoms concentrations are expected to be increased with the introduction of EBPR. 
The current centrifuge centrate from the digested sludge at WPCF contains 
approximately 600 mg/L NHt’^ -N, 45 mg/L Mg^ '*', and 20 mg/L P04 ‘^- P. The 
stoichiometric molar ratio of ammonia: phosphoms; magnesium for stmvite formation is 
1:1:1. The ratio of these components present in the current centrate is 42.9:1.9:0.6.
Thus, the formation of stmvite in the plant is limited by P concentration. It is therefore 
possible to estimate stmvite formation potential by adding P to the current centrate.
Bench tests were performed by adding orthophosphoms to centrate samples and at 
different pH values and temperatures. In anaerobic digesters, the pH increases when the 
digested sludge liquors are sent to the centrifiiges because CO2 produced and saturated in 
digesters will be emitted. The temperature decreases to normal temperature when it is 
discharged to centrifuges because the temperature in mesophilic anaerobic digesters is 
37°C. The changes of pH and temperature should be considered in actual tests because it 
can affect the stmvite precipitation potential.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
stmvite formation was investigated in the precipitates of the batch tests using X-ray 
diffraction. After the reaction occurred in various conditions, filtrates and precipitates 
were analyzed to estimate how much stmvite was formed under the specific conditions. 
Task 4 - Modeling the Stmvite Precipitation Potential Using MINEQL+ Ver.4.5 
The software MINEQL+, a chemical equilibrium model, was used to estimate 
concentration of solid species (i.e. stmvite) formation. Inputs to the software are total 
concentrations of major species like magnesium, ammonium, phosphoms, calcium, and 
other ions that affect stmvite formation. In addition, pH, temperature, ionic strength, and 
alkalinity are input to predict the formation of stmvite precipitate. The modeling results 
were compared, to those obtained from laboratory bench testing of the centrifuge centrate.
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CHAPTER 2
LITERATURE REVIEW
2,1 Enhanced Biological Phosphorus Removal (EBPR)
In a conventional activated sludge plant, phosphorus is spent only for basic 
metabolism by bacteria (Stratful et al., 1999). However, in Enhanced Biological 
Phosphorus Removal (EBPR), bacteria called PAO (phosphorus accumulating 
organisms) can accumulate phosphorus beyond their metabolic needs when they are 
given a competitive advantage by exposure to consecutive anaerobic and aerobic cycles 
(Greaves et al., 1999) (Figure 2.1).
ANAEROBIC TANK AEROBIC TANK
CARBON
SOURCEVFA
PHA PR
PA G PA G
CLARIFIER
EFFLUENT
SLUDGE CONTAINING 
[ L k  RAO'S W ITH PR 
^  ACCUMULATION
Figure 2.1 Schematic of Enhanced Biological Phosphorus Removal process
When PAO bacteria are subjected to anaerobic conditions in the absence of both 
nitrates and oxygen, they take up short chain fatty acids like acetate, propionate, and 
butyrate (Stratful et al., 1999). At tliis point, the PAO’s breakdown polyphosphate to
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generate energy and release orthophosphate into the sludge liquor. The energy is used to 
convert VFA’s to polyhydroxyalkanoates (PHA) (Stratful et al., 1999).
Under aerobic conditions, the bacteria use the accumulated carbon compounds (e.g. 
PHA) for rapid growth and uptake of dissolved phosphate in excess of their metabolic 
needs in a process termed “luxury uptake” (Greaves et al., 1999). Enhanced biological 
phosphorus removal is able to remove 80 ~ 90 % of influent orthophosphate and is 
applied to wastewater treatment plants to satisfy strict effluent regulation producing 
effluent containing orthophosphate below 1 mg as P/I., (Greaves et al., 1977).
2.2 Anaerobic Digestion of Sludges 
Wastewater treatment plants produce various sludges with different characteristics. 
Sludges can be classified as primary and secondary according to the treatment process. 
Primary sludge is generated from the sedimentation of raw sewage. Often chemicals like 
ferric chloride (FeCb), alum (Al2(S04)3' 14HzO), and lime are added to primary 
sedimentation basins to aid suspended solids and orthophosphate removal. Tlierefore, the 
sludge generated from the chemical addition, ferric chloride (FeCla), contains phosphate 
as iron phosphate (FeP04). Secondary sludges are generated during biological treatment 
and are mostly composed o f microorganisms. The phosphorus content of primary and 
secondary sludge differs. Primary sludge treated chemically contain 1 ~ 2 % P on a dry 
weight basis (Ghyoot and Verstraete, 1997) while 2 ~ 15 % P is found in secondary 
sludges (Rittman and McCarty, 2001, Metcalf and Eddy, 2003, Grady et al., 1999). 
Especially, the secondary sludge from Enhanced Biological Phosphorus Removal 
(EBPR) process is rich in phosphorus showing 8 ~ 15 % P on a dry weight (Grady et al..
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
1999). Conventional sludges from biological wastewater treatment contain 2 ~ 3 % P on 
a dry weight in TS (total solids) (Rittman and McCarty, 2001).
Anaerobic digestion is used for stabilization of concentrated sludges produced from 
municipal wastewater treatment plants and decomposes organic matter in the absence of 
oxygen (Metcalf and Eddy, 2003). The characteristics of digested sludges vary 
depending upon the unit processes involved in the plant’s treatment train. In addition, 
primary and secondary sludges behave differently when submitted to anaerobic digestion. 
Several scenarios of sludge input to anaerobic digesters are possible for municipal 
wastewater treatment plants that produce various type of sludge simultaneously (Figure 
2 .2).
EPBRWAS
T S : 0 . 8 - 1 . 2 % ^
P : 8 - 1 2 % o f T S
ANAEROBIC
DIGESTER
EPBRW AS 
T S : 0 . 8 - 1 . 2 % ^  
P : 8 ~ 12 % of TS
ANAEROBIC
DIGESTER
Alternative 2
RAW PRIMARY SLUDGE 
w/ chemical precipitation
T S : 5 - 9 %
, , P : 1  “ 2 % o f  TS
Activated sludge WAS 
TS : 0.8 - 1 .2  %
P  : 2 -  3 % of TS
Alternative 1
RAW PRIMARY SLUDGE 
w/o cliemical precipitation
T S : 5 - 9 %
, ,P :0 .3 2 8 - 1 .1 S % o f  TS
Figure 2.2 Alternatives of sludge input to digesters
Raw primary sludge and EBPR WAS (waste activated sludge) are digested together 
when the plant adopts EBPR process (alternative 1) for P removal as shown in Figure 2.2. 
If the plant adopts both EBPR and chemical precipitation to remove phosphorus 
(alternative 2), EBPR WAS, WAS, and chemical primary sludge are input to digesters
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(Figure 2.2). The WAS is generated from the nitrification wastewater that underwent 
chemical process for P removal.
Although 57% of suspended solids are destroyed during anaerobic digestion, the 
phosphorus from primary sludge generated by the addition of coagulants is not released 
because orthophosphate combines strongly with the coagulants used (Ghyoot and 
Verstraete, 1997). However, secondary sludges release orthophosphate into digester 
liquors during digestion because the microbial cells are decomposed in anaerobic 
conditions. Besides, EBPR sludge releases orthophosphate more than the sludge of 
conventional biological phosphorus removal process because EBPR sludges contain more 
phosphoms per cell than conventional sludges and polyphosphate is released easily from 
the microbial cells. Generally, between 20 and 50% of the phosphorus is resolubilized 
from biological phosphoms removal sludge during anaerobic digestion (Pitman, 1999). 
Anaerobically digested swine waste also has higher dissolved phosphoms concentration 
than raw swine waste because of orthophosphate release during anaerobic digestion (Beal 
et al, 1999). Thus, anaerobic digestion of EBPR sludge promotes orthophosphate release 
increasing its concentration in the digester’s liquors. On the other hand, magnesium and 
calcium seem to decrease orthophosphate concentration of digested sludges forming 
phosphoms precipitates when the chemicals are added to EBPR sludge and the sludge is 
digested anaerobically (Hwang and Choi, 1998, Wild et al., 1996). It has been reported 
that the digestion of nightsoil of human excreta used a fertilizer and EBPR sludge 
decreased orthophosphate concentration in digesters (Hwang and Choi, 1998). Night soil 
contains magnesium and calcium that combine with orthophosphate released from EBPR 
sludge. In addition to night soil, magnesium, calcium, and zeolite have been reported to
10
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promote refixation of dissolved phosphate in digester supernatant (Wild et al, 1996). As 
a result, released orthophosphate is removed as struvite (MgNH4?04 6H2O) or calcium 
phosphate (Ca3(P04)2).
2.3 Struvite Scales in Wastewater Treatment Plants 
The formation of struvite scale during anaerobic digestion has been reported in 
wastewater treatment plants when biological phosphorus removal was introduced 
(Borgerding, 1972, Mohajit et al., 1989, Marnais et al, 1994, Ohlinger et a l, 1998, 
Williams, 1999, Doyle et al, 2000, Doyle & Parsons, 2002). The Los Angeles Hyperion 
plant suffered struvite scaling in pipes in 1963 (Borgerding, 1972). To solve the 
problem, digested sludge was diluted to decrease the concentration of orthophosphate and 
pipes were cleaned with acid. In 1982, the diameter of the centrate discharging pipes 
decreased from 8” to 1.5” within 1 month in the Southeast Water Pollution Control Plant 
(SEWPCP) in San Francisco (Marnais et a l, 1994). Unlike with the Hyperion plant, the 
plant added ferric chloride to precipitate phosphorus before centrifuging the sludge 
(Marnais et a l, 1994). The Sacramento Regional Wastewater Treatment Plant (SRWTP) 
also observed struvite formation and replaced the piping system (Ohlinger et a l, 1998).
In the United Kingdom, several cases have been reported (Williams, 1999, Doyle et 
a l, 2000). The Slough wastewater treatment plant located on the south of Slough town 
found struvite precipitation in centrifugal pumps which return the centrate to the inlet 
works and struvite scale had to be removed periodically using a hammer and chisel 
(Williams, 1999). In the case of Coleshill Sludge Destruction Plant (SDP), struvite was 
observed at adjoining pipes carrying the centrate liquors to the clarifiers. The reduction
11
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of concentrations of magnesium and phosphate in that location confirmed struvite 
formation (Doyle et ah, 2000).
In addition to wastewater treatment plants, swine manure treatment plants have been 
reported to suffer struvite precipitation problems (Webb & Ho, 1992, Mohajit et a l,
1989). The Ponggol Pigwaste Plant (PPP) had two places of severe struvite deposition 
including the digester overflow pipe carrying anaerobic digested liquors and the floating 
aerators in the aerated anaerobic lagoon (Mohajit et a l, 1989).
Pipes blocked by struvite scale leads to increase costs and time taken for wastewater 
treatment processes. When the diameter of the pipe is reduced by struvite deposition, 
more energy is required to carry the sludge through the pipe and the time spent in moving 
sludge is increased due to the reduction of the pipe capacity (Doyle and Parsons, 2002).
2.4 Chemical Principles of Struvite Precipitation 
Solubility product is the equilibrium constant describing dissolution of slightly 
soluble salts in pure water to form their constituent ions. Struvite is decomposed into 
magnesium, ammonium, orthophosphate, and water by the following equation;
MgNH^PO, • 6H^O <=> + N H /  + P 0 /~  + 6H^O (1)
In the reaction of struvite dissolution, the equilibrium constant is defined as :
{M gNH,P0,-6H^0]
K = equilibrium constant, { } = ion activity
Assuming the ion activities of water and struvite solid are 1, the equilibrium constant or 
solubility product is:
12
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K  = K „ = ^ g ‘' ^ : ^ 0 , ' - \  (3)
K== equilibrium constant, K,p = solubility product, { } = ion activity 
Because {ion activity) = y x [molar concentration], solubility product is :
Ksp = solubility product, y = activity coefficient, [ ] = molar concentration 
To calculate activitiy coefficients, the following equations in Table 2.1 can be used 
according to the range o f ionic strength.
Table 2.1 Ion activitv coefficients (Stumm and Morgan. 1981)
Approximation Equation® Approximate Applicability 
[ionic strength (M)]
Debye-Huckel logy = -^z^V 7 < lO'^ "*
Extended Debye-Huckel , 2 ^fïlogy = ~ A Z ---------pr
l + 6nV7
< 10*‘
Guntelberg , 2 ^[ïlo g y - - À Z  ----- pr
1 + V-f
<10’‘ useful in solutions of 
several electrolytes
Davies (  J J  \  
\ogy = -Az^  ----- j= -b lV + V 7  j
<0.5
A = 1 .82xlO \gT )-"'", b = 50.3(gr)-'"
G = 8 7 .7 4 -0.4008Ï + 9.398 x 10"  ^ -1.141 x lO’*/"
T = temperature in K, t = Celsius degree, °C, 
y = activity coefficient 
Z = charge o f species, 
p = ionic strength of solution
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The ionic strength can be calculated using the equation below:
#/ = 0.55] C,Z,' (6)
i
p = ionic strength of solution, Ci = molar concentration, Z| = charge of species 
Molar concentrations of species can be measured from solutions in equilibrium with 
MgNH4?04 6H2O to calculate the ionic strength. Taylor et al.(1963) acquired ionic 
strength of 0.0197 at 25“C using 20 solutions synthesized by struvite powder and Bums 
and Finlayson (1982) showed ionic strength of 0.0151 at 38°C.
When the effects of ionic strength can be neglected, the solubility product is called the 
conditional solubility product (Kspc). Because the activity coefficient is unity if ionic 
strength is zero, the conditional solubility product for struvite is defined as :
^ipc —^ S t X iVj. X Pj. (7)
Kspc = conditional solubility product 
MgT = total magnesium concentration 
N t = total ammonium concentration 
P t  = total phosphate concentration 
The value of Kspc(conditional solubility product) is different for different pH’s because it 
depends on the concentrations of species and the concentrations change based on pH 
(Doyle and Parsons, 2002). However, the value of Ksp (solubility product) can be used at 
any pH because the value is constant considering ionic strength regardless of pH (Doyle 
and Parsons, 2002).
To find the solubility product of struvite, the concentrations of involved species must 
be known. This can be determined through bench scale tests or chemical equilibrium
14
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models (Taylor et al, 1963, Borgerding, 1972, Abbona et al, 1982, Webb and Ho, 1992, 
Buchanan et al., 1994, Aage et al., 1997, Ohlinger et al., 1998, Yoshino et al., 2003).
The concept of modeling is based on mass balance equations and equilibria of struvite 
constituents. In other words, a number of equations involved in mass balances and 
chemical equilibria are calculated through the equilibrium chemistry model and the 
concentrations of species are determined. Basically, the mass balances of magnesium, 
phosphorus, and ammonia should be considered for struvite precipitation. The following 
mass-balance equations can be written by combining phosphorus, magnesium, and 
aamonium and this selection of pertinent species is not meant to be all-inclusive.
The total concentration of magnesium includes :
Ct.m8 = [Mg^+] + [MgP04‘] + [MgHP04aq] + [MgH2P04^] + [MgOH+] (8)
The total concentration of phosphate involves:
C t .po4 =  [H3PO4] + [H2PO4] + [HP04^-] + [P04^-] + [MgP04'] + [MgHP04aq]
+ [MgH2P04l (9)
The total concentration of ammonia involves:
C t ,NH4 = [NH3] + [NH4'*’] (10)
In addition to mass balance equations concerning total concentrations o f struvite 
constituents, formation equilibrium equations for other species formed in centrâtes or 
synthetic liquors can be derived by using equilibrium constants. Several species and 
constants are presented in Table 2.2.
15
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Table 2.2 Equilibrium constants used to obtain pK sd  
(MINEOL+ thermodynamic database)
Equilibria logK
MgNH4P04-6H20 Mg'" + NH4" + P04' ‘ -12.6
H3P04'^31T + P04'' 21.721
H2P04' - » 2H" + P04"- 19.573
HPO4' - > p r + p o 4'' 12,375
MgP04'->M g'" + P04^‘ 4.654
MgHP04 Mg'" + H" + P04^‘ 15.175
MgH2P04Mg'"  + 2H" + P04^‘ 21.256
MgOH"->Mg'" + OH- -11.397
NH4"->NH3 + H" -9.24
For example, an equilibrium equation for the foimation of MgNfLfO# 6H2O is derived:
(11)
[M gN H ,P 0 ,‘6H^0]
Similar to equation (11), a number of equations can be derived concerning all products 
generated by reactions that occur in centrate. Based on mass balance equations for total 
concentrations of species and equilibrium equations of products involved, the equilibrium 
chemistry models calculate the concentrations of species using its equilibrium constant 
database. Buchanan et al.(1994) determined the solubility product of stmvite with the 
concentrations of species resulted from modeling through MINTEQA2 using the data of 
typical concentrations of stmvite constituents in anaerobic lagoons at a pH of 7.5.
Bench scale tests with sludge supernatant or synthetic liquors can be also used to 
decide the solubility product of stmvite (Doyle et al., 2000, Abbona et al., 1982, Scott et 
al., 1991, Webb and Ho, 1992, Aage et al., 1997, Taylor et al., 1963, J.R. Bums and 
Finlayson, 1982, Ohlinger et al., 1998). Synthetic liquors made of ammonium
16
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
dihydrogen phosphate, ammonia, and magnesium sulfate have been used instead of 
digested sludge liquors in struvite formation experiments (Abbona et al., 1982, Scott et 
al., 1991, Webb and Ho, 1992, Aage et al., 1997). Dissolved struvite powder has also 
been used (Taylor et al., 1963, Bums and Finlayson, 1982, Ohlinger et al., 1998) and 
struvite was collected from the surfaces of operating equipment to make liquors for 
investigating the solubility product (Borgerding, 1972, Ohlinger et al., 1998).
After the liquor condition reaches equilibrium state, the concentrations of each 
species are measured and substituted into the equations for determining the solubility 
product. The value o f solubility product can be different depending on the consideration 
of activity coefficients derived from ionic strength. Because the electrostatic interactions 
o f ions in solutions decrease their activity and effective concentrations, the solubility 
product calculated considering the ionic strength is smaller than the solubility product 
calculated neglecting the ionic strength (Ohlinger et al., 1998). This means that the 
solubility product (Ksp) is smaller than the conditional solubility product (Kspc). 
Therefore, pKgp is larger than pKgpg. In Table 2.3, several pK«p and pKspc are shown. 
Bums and Finlayson (1982) found two solubility products. The pKsp o f 12.30 was found 
considering an ionic strength of 0.0151 and pKspc of 12.20 as the conditional solubility 
product when the activity coefficients were neglected.
17
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Table 2.3 pK p^ and of struvite
Y
ear
Author pKsp pKspc Conditions
1
963
Taylor et al. 13.15 25°C, Ionie strength = 0.0197
i
972
Borgerding 9.41 pH 7.5 (digester conditions)
12.6 pH 7.5 (in pure water)
1980 Snoeyink and 
Jenkins
12.6 25°C
1982 Abbona et al. 9.94 25®C
1982 Bums and 
Finlayson
12.3 38®C
12.21 38°C
1991 Scott et al. 13.04 30°C, Ionie strength = 0.1
1992 Webb and Ho 12.82 ±0.56 25“C, Activity coefficient = 0.9
12.76+0.56 25“C
1994 Buchanan et al. 12.36 pH7.5
1997 Aage et al. 11.65 25=C
1998 Ohlinger et al. 13.26 25°C, Ionie strength = 0.1
2003 Yoshino et al. 14.11 pH9.0
Webb and Ho (1992) presented a pKgpc of I2.76i0.56 neglecting the effects of ionic 
strength and assuming activity coefficients as one. The study also showed that the pKsp 
increased to 12.82iO.56 when an activity coefficient of all ions was 0.9 (Webb and Ho, 
1992). This value is similar to the pKsp of 13.15 in the study of Taylor et al. (1963) who 
considered the activity coefficients of 0.0197 to decide the solubility product of struvite.
18
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Besides, Borgerding (1972) and Bums and Finlayson (1982) proposed two values of 
solubility product based on the effect of ionic strength (Table 2.3).
The conditional solubility product is affected by pH and temperature because the 
solubility of struvite also varies with pH and temperatme. Generally, the conditional 
struvite solubility decreases with increasing pH. However, the solubility begins to 
increase reversely above a pH of 9 (Snoeyink and Jenkins, 1982). This phenomenon was 
demonstrated in the studies of Borgerding (1972) and Booker et al. (1999). The 
concentrations of ammonium, phosphate, and magnesium ions decreased in the reactor 
because they react together as a function of pH at 25“C and the minimum ionic 
concentrations of all three species in solution occurred at pH between 9.0 and 9.4 (Figure 
2.3). Therefore, the solubility of stmvite has a minimum value at this pH and this pH can 
be used for stmvite recovery through precipitation (Booker et al., 1999).
In Borgerding’s study, the effect of pH on solubility of stmvite was also investigated, 
Below pH of 9, the solubility of stmvite decreases rapidly as the pH increases reaching 
solubilities of about 100 mg/L at pH 7.5 and about 800 mg/L at pH 6.5 in the digesters of 
Hyperion treatment plant (Figure 2.4). Therefore, increasing pH, in general, causes 
stmvite to precipitate.
19
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Figure 2.3 Concentrations of nitrogen, phosphorus and magnesium versus pH at
25oC (built using Booker et al., 1999)
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Figure 2.4 Effect of pH on solubility of struvite 
(built with data from Borgerding et al., 1972)
The effects of temperature on the solubility product of struvite have been investigated 
using bench scale experiments over various temperatures (Bums and Finlayson, 1982, 
Aage et al., 1997).
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Figure 2.5 The change of pKspc and solubility of struvite with temperature
(compiled from data generated by Borgerding, 1972, Aage et al.,
1997, Bums and Finlayson, 1982)
Below 50°C, the pKspc of struvite decreases with increased temperatures. Two results 
were acquired for 65°C (i.e. 12.6 and 13) and the authors claim that difficulty in keeping 
the temperature constant was the cause of this discrepancy. At temperatures greater than 
50®C, the pKspc increases rapidly (Aage et al., 1997) (Figure 2.5). In other words, below 
50°C, struvite precipitation decreases as temperature increases and at temperatures 
greater than 50°C, more stmvite precipitates. The result from Aage’s study is in 
accordance with the study of Bums and Finlayson (1982). The solubility was found to 
rapidly decrease above 20°C in Borgerding’s studies (Figure 2.5).
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2.5 Stmvite Precipitation 
Stmvite can be precipitated when several factors are satisfied. Mainly, pH and 
concentrations of stmvite constituents determine stmvite precipitation. Thus, pumping o r 
aerating sludge liquors containing sufficient orthophosphate, ammonium, and magnesium 
forms stmvite spontaneously because pumping and aerating remove CO2 firom digester’s 
liquid th ro u ^  degassing and cause pH to increase (Doyle and Parsons, 2002).
Additionally, saturation ratio, reaction time, and temperature affect stmvite precipitation. 
Especially, scale formation is affected by seeding material, surface roughness of 
equipment’s materials, mixing strength, and digester type.
2.5.1 The Constituents of Stmvite 
Basically, wastewater liquors firom which stmvite can be precipitated should contain 
Mg^ "^ , NH4^ , and PO4' at a molar ratio of 1:1:1 as [Mg^^] : [N H /] : [P04^’] or at a mass 
ratio of 1 : 0.74 : 3.9 because the chemical composition of stmvite is MgNH4P04 6H2O.
In wastewater treatment plants, centrate from EBPR sludge may contain sufficient 
amounts of magnesium, ammonium, and orthophosphate to form stmvite. The N : P ratio 
for sludge supernatant liquors vary firom 14 ~ 39 (Table 2.4). Therefore, there is 
sufficient NH4^ to precipitate stmvite. Orthophosphate concentration in anaerobic 
digested sludge liquor from EBPR process is sufficient showing the Mg:P ratio varying 
firom 0.27 ~ 0.68 (Table 2.4). Therefore, initial concentration of magnesium may be 
critical factor to form stmvite (Rensburg et al., 2003). In other words, plants can 
experience stmvite scaling problem if the water treatment plants are located in a hard 
water area or a coastal area, or receive industrial discharges including magnesium 
(Marnais and Pitt, 1994).
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Zabig.2^4 The characteristics o f sludge supernatant liquors from EBPR
pH
Mg'" 
Mg mg/L 
(mM)
TP 
P mg/L 
(mM)
PO/' 
P mg/L 
(mM)
NH/ 
N mg/L 
(mM)
Alkalinity
CaCOj
mg/L
Molar ratio
N/P Mg/P
Williams
(1999)
110
(3.55)
80
(2.58)
750
(53.57)
21
Doyle et al. 
(2000)
7.7
16.6
(1.69)
59.68
(1.93)
908
(64.86)
2536 34 0.41
Elisabeth et al. 
(2001)
7.7
11
(0.46)
78
(2.52)
61
(1.97)
790
(56.43)
2800 29 0,27
Jaffer et al. 
(2001)
7.6
44
(1.83)
94.9
(3.06)
615
(43.93)
14 0.68
However, excess amount of one among struvite constituents is not sufficient to form 
struvite. As indicated in Figure 2.6, the maximum efficiency of struvite formation
occurred at a molar ratio Mg^+ : NH4+ : P04 '^ of 1.5 : 1 ; 1.5 and the addition of a excess
of and P04 ‘^ was not advantageous (Demeestere et al., 2001).3-
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Figure 2.6 The efficiency o f struvite formation according to molar ratios
(built with data from Demeestere et al., 2001)
2.5.2 The Effect of pH 
pH is the most important factor to form struvite because an increase in pH causes 
struvite solubility to decrease and struvite can be precipitated even though the liquors are 
not initially saturated with struvite (Rensberg et al., 2003). When sludge liquors are 
pumped or aerated and CO2 is degassed, the pH of the liquors can increase by as much as 
one pH unit (Doyle and Parsons, 2002). In other words, struvite solubility decreases and 
struvite is precipitated when pH increases. Generally, pH of minimum solubility is about
9.0 and several optimum pH’s to form struvite have been calculated and reported (Table 
2.5).
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Table 2.5 Summary of studies on optimum p H ’s for struvite precipitation
Author Optimum pH for Struvite Precipitation
Booram et al. (1975) 8.0
Rettmer et al. (1991) 8.0 - 10.0
Momberg and Oellermann (1992) 8.0 -  9.5
Booker et al. (1999) 8.8 -9.4
Demeestere et al. (2001) 8.5 -9.0
Wang et al. (2003) 9.0
At the optimal pH, the maximum amount of struvite should be formed and the 
negligible amount of undesired by-products should be produced. Demeestere et al.(2001) 
calculated the optimal pH considering the higher amounts of struvite formed at higher 
pH values and the effect of interfering salts. They found that 97.6 % of the struvite 
measured at pH 10 was already formed at pH 9 and the effect of interfering salts (i.e. 
Mg3(P04)2, MgHP04, Mg(OH)2) increased above pH 9.0. They concluded that the 
optimal pH range for struvite precipitation is between pH 8.5 and pH 9,0 (Demeestere et 
a l, 2001). Momberg and Ollermann (1992) investigated the crystallization of 
hydroxyapatite (Caio(P04)6(OH)2) and struvite. They found that the pH should be higher 
than pH 9.5 for hydroxyapatite crystallization and higher than pH 8.0 for struvite 
crystallization (Momberg and Ollermann, 1992). Therefore, the optimal pH for struvite 
recovery can be selected between pH 8.0 and pH 9.5. In Wang’s investigation, 
MINEQL+4.5 was used for predicting the optimal pH of struvite recovery considering 
brucite (Mg(OH)z), hydroxyapatite (Caio(P04)6(OH)2), dolomite (CaMg(C03)2), and 
magnesite (MgCOs) as by-products (Wang et a l, 2003). They found that the maximum
26
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amount of struvite is precipitated and by-products are negligible at pH 9.0. Assuming pH
9.0 as the optimal pH, centrate, which normally has a pH 8.0, has optimal conditions to 
form struvite when it is aerated or pumped because aerating and pumping can cause pH 
to increase.
2.5.3 Supersaturation ratio 
To quantify the struvite precipitation potential, the supersaturation ratio is 
calculated using the following equation:
P (12)
«9
S = Supersaturation ratio 
P s  = Conditional solubility product 
Pseq = equilibrium conditional solubility product 
Supersaturation ratio is defined as the ratio of conditional solubility product to 
equilibrium conditional solubility product. Conditional solubility product ( ? s )  means the 
solubility product in actual conditions and equilibrium solubility product (Pseq) means it 
in equilibrium state. Therefore, struvite formation can commence when the conditional 
solubility product is larger than the equilibrium solubility product because the liquor is 
saturated with solutes in equilibrium state. In other words, S = 1.0 indicates that the 
actual condition is equilibrium state and S > 1 means that the liquor is supersaturated and 
that precipitation can occur. The supersaturation ratio of sludge supernatant liquor does 
not only determine the mass of struvite formed, but it also determines its formation rate 
(Doyle and Parsons, 2002, Doyle et al., 2003, Ohlinger et al., 1999). In Doyle’s study, 
liquors with a supersatuaration ratio of 1.7 produced mean final struvite masses of 
73.8 g/m^ while liquors with S = 5.3 produced 136 g/m^ on the impeller blades for a
27
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mixing time of 40 h. Ohlinger et al.(1999) showed that the greater supersaturation ratio 
the greater the rate of struvite formation because the ratio determines induction time 
spent in struvite nucléation (Figure 2.7).
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O ■ 3 3 0  rpm  — ^ 8 0 0  rpm
Figure 2.7 The effect of supersaturation ratio to induction time 
(built with data from Ohlinge et al., 1999)
Their data showed linearity between supersaturation ratio and induction time when 
mixing energy was constant (Ohlinger et al., 1999).
2.5.4 Reaction Time and Mixing Strength
Struvite is accumulated via nucléation and crystal growth and the time taken for 
struvite crystals to nucleate is termed the induction time. In actual experiments at a pH 
value of 7.8, struvite precipitation was completed in less than 1 minute (Demeestere et
28
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al., 2001) (Figure 2.8). In this study, the precipitate was washed after it was filtered fi-om 
the solution using Ederol-Qual 12 (125 mm) filters.
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Figure 2.8 Mass of struvite precipitated according to reaction time 
(constructed with data from Demeestere et al., 2001)
At optimal pH, the induction time of stmvite formation is very short and the time is 
affected by turbulence because the nucléation of stmvite is a transport-controlled process 
(Ohlinger et al., 1999, Parsons et al., 2001). Therefore, the induction time decreases as 
stirring speed increases and the nucléation of stmvite is rapid (Figure 2.9).
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Figure 2.9 The effect of turbulence on induction time 
(modified from Ohlinger et al., 1999)
The results obtained from induction time and mixing strength experiments suggest 
that there is a linear correlation between them and a doubling mixing speed leads to a 
halving of the induction time (Figure 2.9).
2.6 Scale Formation 
The characteristics of the equipment also have an influence on struvite scaling 
problem, and materials of construction or feeding types of digester appear to influence 
struvite accumulation. The effect of construction materials can be explained based on 
surface roughness (Ohlinger et al., 1999). This effect was investigated using three kinds 
of materials including PVC, acryl, and stainless steel. The results showed that struvite 
accumulated more rapidly on PVC than on acrylic plastic and most rapidly on stainless
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Steel, which has the roughest surface (Doyle and Parsons, 2002). This may be because 
surface roughness helps the struvite nucléation to anchor or increase local turbulence and 
mixing and may increase the number o f sites available for crystal growth by supplying 
more surface area (Ohlinger et al., 1999). In addition to the surface roughness, it has 
been reported that digester feed types had an effect on struvite crystal size. The sizes of 
struvite crystal depend on the type o f digester (Maqueda et al., 1993). It has been 
reported that the struvite crystal size is larger in continuous digesters than in batch 
digester. This may be accounted for by fact that feed is added to the batch digesters only 
once (Rodriguez et al., 1991)
2.7 Struvite Control
2.7.1 Intentional Struvite Recovery 
Intentional precipitation of struvite is a process that can reduce orthophosphate in the 
recycle steams from wastewater treatment plant that results from handling of EBPR 
sludges in digester. This phosphorus should be removed not to increase the loading of?  
entering the plant. To remove orthophosphate from these streams, intentional struvite 
recovery has been investigated because struvite recovered is useful in that it can be used 
as a resource. Struvite can be used as a slow-release fertilizer, a secondary phosphate 
ore, and a raw material in industrial processes (Schuiling and Andrade, 1999, Elisabeth et 
al., 2001, Driver et al., 1999). In the case of struvite fertilizer, plants can take up most of 
nutrients of struvite witliout waste by leaching and fertilizer bum does not occur even at 
high application rates because stmvite releases nutrients at a slow rate by its low 
solubility. In addition to this function, using stmvite as a phosphoms ore has some
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attractive environmental aspects in that it contains low fluorine, low radioactive elements, 
low heavy metals, and low cadmium. Struvite can be also used as a raw material in Mg- 
phosphate cements in building materials.
Precipitation of struvite bv heat and/or vacuum 
A process that uses no chemical addition to form struvite in digester supernatant was 
examined by Salutsky et al.(1972). Instead of chemicals, heat and/or vacuum were used 
to increase the pH for struvite recovery. Heat and/or vacuum decompose ammonium 
bicarbonate present in digester liquors increasing the pH according to the following 
equation:
NH,HCO, NH,OH  + CO; Î (13)
In other words, the effect of decomposition is similar to air stripping to eliminate 
CO2. The results showed that almost all the phosphate in the digester supernatant was 
precipitated as magnesium ammonium phosphate and other insoluble phosphates without 
the addition of any chemical additive. Besides, this process not only produce effluent 
containing low phosphorus, but it also decreased BOD, COD, and nitrogen from the 
digester supernatant containing orthophosphate of 60 ~ 100 P mg/L, COD of 1,230 mg/L, 
and nitrogen of 360 mg N/L (Salutsky et al., 1972).
Phosnix process
The Phosnix process was developed by Unitika Ltd. of Japan and is based on an air 
agitated column reactor, with ancillary chemical dosing equipment (Stratful et al., 1999, 
Battistoni et al., 2002) (Figure 2.10). Digester effluent is supplied to the bottom of the 
tower and magnesium chloride and sodium hydroxide are added to provide magnesium 
ions and increase the pH, respectively. The amount of magnesium is controlled to
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achieve a molar ratio of magnesium to orthophosphate of 1 ~ 1.3 and the pH is adjusted 
to ensure a pH range of 8.5 ~ 9.0. Under ambient temperature and pressure, struvite 
particles are mixed completely and grow in size by agitation of an air blower. The 
crystals sink to the base of the tower and are removed periodically. After being 
dewatered, the struvite product is recovered as pellets.
EFFLUENT
REACTOR
N aO H
PU M P
W ASH
W A TER
INFLUENT
4  PUM P
PELLETS
Figure 2.10 The Unitika process
(modified from Stratful etal., 1999)
To remove orthophosphate from anaerobic digester side-streams, a pilot-scale MAP 
(magnesium ammonium phosphate) reactor based on the Phosnix process was used by 
Elisabeth et al.(2000). This process resulted in phosphorus removal efficiency of 94 % 
and a weight composition of the MAP product of 12.4 % P, 9.1 % Mg, 5.1 % N, and 39 
% crystalline water. This is in accordance with the theoretically expected values of 12.6 
% P, 9.9 % Mg, 5.7 % N, and 44 % crystalline water (Elisabeth et al., 2000). 
Additionally, this percentages show that the MAP product is valuable economically
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because the MAP produced from the Phosnix process contains more phosphorus than 6 % 
normally found in fertilizers.
Fluidized bed reactor
Fluidized bed reactors have been used extensively for struvite precipitation (grow 
(Ohlinger et al., 2000, Battistoni et al., 2000, Battistoni et al., 2001). Rapid struvite 
precipitation can be achieved by increasing the pH and providing a suitable environment 
for struvite to form in a fluidized bed reactor. Media packed in the reactor produces a 
flow regime that provides high-energy mixing condition to form struvite crystals.
Besides, it provides surface area where struvite crystals can grow. The systems used 
generally consisted o f a pH adjustment tank, a fluidized bed reactor, feed and circulation 
pumps, a pH controller, an aeration pump, and a chemical feed pump (Figure 2,11). The 
reactor is packed with medium like sand or gravel and stmvite crystals adsorbed onto the 
media can be separated after drying. The drying temperature is generally below 60°C 
because crystalline water contained in stmvite can be decomposed (Ohlinger et al., 1998). 
Using a fluidized bed reactor, Battistoni et al.(1995) showed a phosphate removal 
efficiency of 80 %. Based on this process, the DHV Crystalactor was built to recover 
orthophosphate from sludge supernatant liquors. Increasing the pH by addition of 
sodium hydroxide enhances the rate of crystallization resulting in short retention time and 
a small size reactor (Stratful et a l, 1999, Tunay et a l, 1997).
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Figure 2.11 DHV crystalactor (modified from Stratful et al., 1999)
The struvite pellets increase in diameter during the operation, and are removed and 
replaced by smaller ones once they have reached the desired size (Battistoni et al., 2000, 
Stratful et al., 1999).
2.7.2 Inhibiting struvite formation 
Dilution of sludge supernatant liquors 
When the sludge supernatant liquors containing orthophosphate released from excess 
activated sludge are diluted, struvite precipitation in operational equipment can be 
prevented because the concentration of orthophosphate is lowered by dilution (Shao et 
al., 1972, Borgerding, 1972, Chirmuley, 1994). The crystalline growth of struvite has 
been stopped by diluting immediately digested sludge supernatant with secondary 
effluent (Borgerding, 1972). Adding extra water can also prevent struvite from 
precipitating in pipelines due to the scouring effects resulting from the higher flowrate of 
sludge supernatant. However, dilution should be performed after centrifuging because 
sludge dewatering may worsen if dilution is performed before centrifuging.
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Phosphorus fixation by chemicals 
The concentration of orthophosphate can be reduced in EBPR recycle stream by 
precipitating with lime and metal salts such as ferric chloride (FeCls) and alum 
(Al2(S04)314H2O) (Shao et al., 1992, Marnais and Pitt, 1994, Chirmuley, 1994, Fujimoto 
et al., 1990). The orthophosphate precipitated with metal salts does not resolubilize 
because loss of CO2 in digesters increases the pH. For example, ferric chloride addition 
prevents struvite formation because orthophosphate is precipitated as ferric phosphate. 
Especially, a combination of ferric chloride and lime results in a phosphorus fixation ratio 
of 90 % or greater when the ratio of ferric chloride and lime is 1:4 (Fujimoto et al., 1990). 
However, ferric chloride addition has been reported to cause scaling problems in the 
digested sludge pipelines by forming ferrous phosphate (i.e vivianite) (Mamais and Pitt, 
1994). Additionally, the use of metal salts is resulted in extra costs coupled with the 
costs related to experimental work needed to determine their dosages (Chirmuley, 1994).
Addition of carbon dioxide 
CO2 addition to digested sludge prior to centrifuging weakens struvite precipitation 
by decreasing the pH in the digesters (Shao et al., 1992, Chirmuley, 1994). Sufficient 
CO2 is available in digested sludge as a by-product of the anaerobic digestion process. 
However, this CO2 is often released to the atmosphere when the digested sludge is 
centrifuged.
Chemical inhibitor and chelating agents 
Chemical inhibitors and chelating agents have also been investigated to prevent 
struvite precipitation (Doyle et al, 2003, Buchanan et al., 1994). Especially, the strong 
chelating agent, ethylenediaminetetraacetic acid (EDTA), has been reported to promote
36
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the dissolution of more than 90 % of struvite back into solution even at pH values greater 
than 7.5 (Doyle et al., 2003).
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CHAPTER 3
ESTIMATION OF FUTURE CONCENTRATIONS OF PHOSPHATE IN CENTRATES 
FROM DIGESTED MIXED SLUDGES USING MATERIAL BALANCE
3.1 Introduction
The low cost associated with EBPR (Enhanced Biological Phosphorus Removal) has 
led many wastewater treatment plants to retrofit their phosphorus removal systems.
EBPR enhances the phosphorus uptake ability of PAO’s (polyphosphate accumulating 
organisms) to remove more phosphorus than in conventional activated sludge systems.
In the conventional activated sludge process, bacteria contain 2.3 ~ 2.5% phosphorus in 
the cells because they absorb enough phosphorus to satisfy only their metabolism 
(Rittman and McCarty, 2001). However, PAO’s uptake more phosphorus than required 
by their metabolic needs and generally contains 4 ~ 15% phosphorus in the cells (Rittman 
and McCarty, 2001, Metcalf and Eddy, 2003). The excess phosphorus that PAO’s uptake 
is stored within their cells as energy reserve as polyphosphate.
The ability of P AO's to accumulate phosphorus is expressed when the bacteria are 
submitted to consecutive anaerobic and aerobic conditions. Under anaerobic conditions 
and in the absence of both nitrate and oxygen, PAO's uptake short chain fatty acids like 
acetate, propionate, and butyrate as a carbon source (Stratful et al., 1999) and release 
phosphorus to generate energy. Under anaerobic conditions, the PAO bacteria use the
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accumulated carbon compounds (i.e. PHA-polyhydroxyalkanoates) and absorb 
dissolved orthophosphate in excess to their metabolic needs. When these cycles are 
repeated, the ability of PAO's to uptake orthophosphate is significantly augmented.
In wastewater treatment plants involving anaerobic digestion, the introduction of 
EBPR may result in the formation of scales of the mineral struvite (MgNHfOA 6H2O -  
magnesium ammonium phosphate hexahydrate or MAP) because orthophosphate can be 
released when EBPR sludge is digested anaerobically. The orthophosphate released 
during digestion ends up in the centrate from digested sludge solids handling. Centrâtes 
constitute recycle streams that are commonly returned to the headworks of the plant or 
are treated with chemical precipitation for P removal. However, if  sufficient magnesium 
and ammonia are present in the centrate to react with the orthophosphate, struvite can be 
formed. Released orthophosphate can form struvite scaling in pipes and pumps or even 
in the digesters if magnesium and ammonium are present. Generally, there is plenty of 
ammonium in the digester supernatant resulting from the decomposition of protein or 
bacterial cells in anaerobic digesters. Magnesium may also be present in the digesters 
provided from water hardness. Therefore, liquors of anaerobically digested EBPR sludge 
have the potential to form struvite.
There have been several reports of struvite formation after introduction of EBPR and 
significant time and money have been expended to solve the problem. The Los Angeles 
Hyperion plant observed the formation of struvite and diluted digested sludge centrate to 
decrease the concentration of orthophosphate (Borgerding, 1972). Struvite formed in 
pipes was dissolved by acid addition (Mamais, 1994). In the Sacramento Regional 
Wastewater Treatment Plant (SRWTP), the piping system had to be replaced because of
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struvite scaling (Ohlinger et al., 1998). Therefore, predicting the potential for struvite 
formation, before EBPR is introduced, can assist plant managers to make decisions 
regarding the handling of digested EBPR sludges and evaluating alternatives for the 
treatment of digested sludge centrâtes.
Material balances can be used to predict the composition o f digested sludge centrâtes 
due to the introduction of EBPR. Mass balance can predict the amounts of released 
phosphorus and ammonia present in the digester’s centrate by balancing flows and 
concentrations of struvite constituents (i.e. Mg^ "^ , POa^ ') throughout the plant for
current and future operating conditions. To perform mass balances, two tasks should be 
completed. First, a detailed flow diagram of the plant has to be developed containing the 
actual locations of all flow streams. Second, mass balances of critical parameters 
associated with the potential o f struvite formation have to be performed. Most 
parameters needed for the mass balances are available from plant operational data. 
However, some parameters may have to be obtained by sampling and analyzing the 
plant’s streams. Mass balances of suspended solids (SS), total (TP)_ and orthophosphate 
(OP), ammonium (NHU"^ ), and magnesium (Mg) for the liquid and sludge streams are 
generally satisfactory to obtain the potential concentration of critical parameters in the 
digester. When these tasks are completed, the composition of the centrate stream can be 
forecasted for different operating scenarios. Furthermore, the data obtained can be used 
to forecast the potential for struvite formation in the plant. This is the subject of Chapter 
4 of this thesis.
The mass balance approach discussed above was used to forecast the phosphorus 
concentration in digested sludge centrâtes at the City of Las Vegas Water Pollutant
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Control Facility (WPCF). The plant treats 60 MGD of municipal wastewater and 
currently removes phosphorus by coagulation with ferric chloride (FeCb). The treatment 
capacity of the plant is being expanded to treat 90 MGD of wastewater. Phosphorus 
removal of 30 MGD will be by EBPR while the remaining 60 MGD will be treated 
chemically with ferric chloride. When EBPR is introduced, the anaerobic digesters will 
receive : (a) primary sludge containing iron phosphate (i.e resulting from FeCh addition), 
(b) secondary sludge containing polyphosphate from the EBPR system, and (c) secondary 
sludge generated in the nitrification system. Thus, it is necessary to forecast the centrate 
composition and struvite formation potential resulting from the introduction of EBPR in 
this plant.
3.2 Materials and Methods
3.2.1 Flow Diagrams 
The wastewater treatment schematic for the Las Vegas Water Pollutant Control 
Facility (WPCF) was expressed through a flow diagram using AutoCAD™. Basically, 
all the components of the plant from headworks to effluent discharge were identified. 
Water, sludge, and recycle streams were drawn as lines in blue, red  ^and green colors, 
respectively. Lastly, sampling points were established on the diagram at the end of every 
treatment unit and at places where two or more streams are combined.
Influent to the WPCF was separated into two streams according to phosphorus 
removal process. In the stream of chemical phosphoms removal (Plants 1 - 4 in Figures
3.1 -  3.4), ferric chloride is added to remove orthophosphate and to enhance the 
settlement of primary solids. The stream treated with FeCb is sent to primary
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sedimentation basins and the effluent from the nitrification basins enters the trickling 
filters for BOD removal and then the nitrification basins for ammonia oxidation. In the 
case of the biological phosphorus removal stream (Plants 5 - 6 ,  Figure 3.1 -  3.4), ferric 
chloride is not added and the effluent from the primary sedimentation basins is sent to the 
BNR basins. The effluents from the nitrification and BNR basins are combined and 
undergo filtration. The effluent from the filters is chlorinated and dechlorinated before 
discharge into the Las Vegas Wash. Thickened primary sludge, and thickened waste 
activated sludge (TWAS) from both BNR and nitrification basins are combined in the 
anaerobic digesters. The digested sludge is dewatered through centrifiiging. The 
resulting sludge cake is disposed o f in a landfill and the centrifuge centrate in recycled 
back to the headworks. In addition to the major operating streams, WPCF’s flow 
diagrams contain several recycle streams including secondary sludges from the trickling 
filters, clarifiers, filter backwash, reuse water and centrate from sludge dewatering. 
Reuse water has been added to the centrifuge centrate since 2002 to avoid the formation 
of iron -  scales in the centrifuge piping.
3.2.2. Sampling and Mass Balance Calculation 
To perform mass balance calculations, flow rates and concentrations o f components 
of interest were obtained from plant operating data. To fill out concentration data gaps, 
sampling and analyses were performed at 38 points throughout the WPCF. The data 
collected not only fill out concentration data gaps, but they also were used to validate 
results o f the mass balance calculations. The mass balance calculations were run on the 
Excel’”  ^software. The concentrations and flowrates calculated through mass balances
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and obtained from plant operating data and from actual measurements are presented in 
the diagrams. The spreadsheet used is shown in Appendix A.
3.2.3 Sample Collection and Preservation 
A total of 38 sampling points were established in the plant and samples were 
collected during the months of June, July, September, and October, 2003. One-liter 
samples were collected in each established sampling point and immediately placed on 
ice. Ten mL o f sample was filtered immediately on site through 0.45 pm membrane filter 
for orthophosphate analysis. In the laboratory, 400 mL of sample were preserved with 
nitric acid (pH < 2) for total metal analysis of magnesium, calcium, iron, and potassium. 
Twenty mL of sample were filtered through a 0.45 pm syringe filter and acidified to pH < 
2 with nitric acid for dissolved metal analysis. The remaining of the sample was used for 
total P, ammonia, SS (suspended solids), and pH analysis. Samples were analyzed 
immediately or stored in the refrigerator and analyzed within 2 days.
3.2.4 Sample Analyses 
SS were determined gravimetric ally using a GF/C -  glass fiber filters as per Standard 
Methods (APHA, 1998). Both ammonia and orthophosphate were determined 
spectrophotometrically using a Hach (Loveland, CO.) DR 3000 spectrophotometer and 
Hach chemical pillows using the Ascorbic Acid and Phenate methods, respectively 
(Standard Methods, 1998). Analysis of total phosphorus was performed by digesting the 
samples with persulfate and then analyzing for OP using Hach chemical pillows and a 
Hach DR 3000 spectrophotometer. The digestion of concentrated sludge samples and 
sludge cake involved exuding samples by using an autoclaving after sulfuric acid
43
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
addition. The samples were digested in a autoclave at 121°C for 35 minutes and digested 
samples were analyzed for OP using a DR 3000 Hach spectrophotometer.
Dissolved iron was determined using a Perkin Elmer Analyst -100 atomic absorption 
(AA) spectrometer. Total iron analysis was performed by first digesting the samples with 
nitric acid and then analyzing for dissolved iron with a Perkin Elmer Analyst 1000.
The concentrations of calcium, magnesium, and potassium were determined by 
Inductively Coupled Plasma ICP-ms. Analyses were performed at Harry Reid Center for 
Environmental Studies at UNLV using a Perkin Elmer Elan 5000 spectrometer with a SM 
200.8.
3.2.5 Quality Assurance and Quality Control Measures - QA/QC 
All laboratory tests included one or more of the following quality control components 
Sampling, Handling, Storage and Identification - Daily laboratory samples were 
identified with the project name, date and the sample point number. All experimental 
procedures and sample results were recorded in bound daily logbook and later transferred 
to an Excel spreadsheet.
Accuracy and Precision - The accuracy of wet experimental measurements was 
determined based on calibration techniques outlined by the equipment manufacturer. The 
validity of the constructed calibration curves was determined by performing a linear least 
squares analysis. Valid calibration curves had R^ > 0.999.
Standards - Each set of samples analyzed contained at least five standards containing 
analyses of interest. This procedure was applied to analysis of phosphorus, ammonia, 
and metals.
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Blanks - One blank was analyzed simultaneously with each set o f samples tested for 
phosphorus, ammonia, and metal.
Duplicate Tests - Duplicate analyses were performed for every 3-5 samples tested.
3.3 Results and Discussion
3.3.1 Identification of All Recycle Streams in the Plant 
Mass balance calculations allowed for the identification of all recycle streams at 
WPCF that influence P concentration in the digested sludge centrate. Three scenarios 
were chosen representing current and future operating conditions with P removal 
performed through EBPR and chemical phosphorus removal (CPR). The scenarios are 
detailed in Table 3.1.
Table 3.1 Scenarios for mass balance calculations
Flow rate (MGD)
Reference
BNR CPR Total
Scenario 1 17 42 59
Mass balances based on actual 
samples taken in 2003
Scenario 2 30 30 60
Current operation in 2004 
Estimated mass balances
Scenario 3 30 60 90
Design flowrate operation 
Mass balances based on design data
The WPCF flowrates for scenarios 1 - 3 are shown in Figure 3.2 -  3.4. In the figures, 
the recycle streams are shown in green color, sludge flows in red and water flows are
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depicted in blue. The flowrate values are either measured average values from the plant 
or estimated average values based on mass balance calculations.
Thirty-eight sampling points were located in the diagram (Figure 3.1) and used as the 
basis for the mass balance calculations. The objective of the mass balances was to 
estimate the amount of primary, BNR, and chemical phosphorus removal (CPR) sludges 
that will be generated in the plant as BNR is implemented. Because the phosphorus 
content and potential of phosphorus leaching from each sludge are different, it is 
important to estimate the relative amounts of sludge that are fed to the digesters. The 
amount of phosphorus that is released in the digester will directly influence the 
composition of the recycle centrate stream and the potential for struvite formation in the 
plant.
In Scenario 1 (Figure 3.2), the average influent flowrate to the WPCF is 59 MGD and 
the average effluent flowrate, estimated from mass balance calculations, was found to be 
57.23 MGD and it includes 57.2 MGD discharged to the Las Vegas Wash (point 37), and 
0.0332 MGD of sludge shipped to the landfill. The influent flowrate o f Plants 1 and 2 
(27.6 MGD) is about 25% (6.9 MGD) larger than that of plants 3 and 4 (20.734 MGD) 
(Figure 3.2), This is due to the input of several recycle streams to Plants 1&2 such as 
filtration backwash water (4 MGD), drying centrifuge centrate (0.45 MGD), reuse water 
(0.432MGD), and effluent from gravity thickener (0.72 MGD).
In Scenario 2 (30 MGD BNR and 30 MGD CPR), as expected, the flowrates of 
primary and secondary sludges for BNR (Plants 5 and 6) increase almost two fold while 
the flowrate of primary sludge of the CPR and WAS from nitrification decrease by 25% 
and 30%, respectively. In Scenario 3 (30 MGD BNR and 60 MGD CPR), the primary
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and secondary sludge flowrates of the BNR system remains the same as in Scenario 2. 
However, the flowrate of both the primary sludge of the CPR and the WAS from 
nitrification increased approximately two fold.
The centrate flowrate for scenarios 1 and 2 are practically the same at 0.45 MGD 
because the average influent is the same as about 60 MGD. However, in Scenario 3, the 
centrate flowrate increases to 0.675 MGD due to the average influent increasing to 90 
MGD. Similarly, the filter backwash flowrate increased from 4 MGD (Scenarios 1 and 
2) to 6 MGD in Scenario 3. If the same level of dilution is to be obtained by the Reuse 
Water, then in Scenario 3 the flowrate of water used for dilution of the iron-scale will 
have to be increased from 0.432 MGD to 0.648 MGD.
In Scenario 1, after primary sedimentation and thickening, 0.418 MGD of primary 
sludge enters the digesters together with 0.121 MGD of TWAS from the TWAS 
centrifuges. In all scenarios, the flowrate of primary sludge entering the digesters is 
about three times that of secondary sludge. Thus, under current and ftituie operating 
conditions, primary sludge constitutes the majority of the feed to the digesters.
3.3.2 Determination of Critical Parameters 
This task involved the collection and analyses of samples, and mass balance 
calculations for ammonia, total phosphorus, orthophosphate, and metals (magnesium, 
calcium, potassium, and dissolved and total iron). Thirty-eight sampling points were 
established throughout the plant to determine average concentrations of parameters not 
routinely monitored by the Las Vegas WPCF. About 200 samples were collected from 
June to October 2003. Samples were analyzed for pH, SS, total P, ortho-P, ammonia, 
calcium, magnesium, total iron, dissolved iron, and potassium. Flowrates and plant
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operating parameters were obtained from WPCF personnel and chemical usage rates 
were obtained from the WPCF Chemical Usage Reports.
The mass balance calculations are based on data collected when the plant was 
operating at 30 MGD BNR and 30 MGD CPR. In addition, estimates were performed 
using standard design equation of biological treatment processes. The mass balance 
calculations for Scenarios 1 and 3 assumed the following;
•  Percent solids removals in primary clarifiers from plants 1 -4 were the same 
as those observed for scenario 1 and for the BNR system (Plants 5 and 6).
•  Gravity thickeners 1-4 concentrate sludges from 6,000 mg/L (0.6%) to 
40,000 mg/L (4%).
• The volatile solids reduction of primary solids in the digesters is 55 ~ 60% 
for a digester SRT of 15 days (Metcalf and Eddy, 2003, Ghyoot and 
Verstraete, 1997)
• The volatile solids reduction of secondary solids is 20% for a digester SRT 
of 15 days (Grady et al., 1999, Metcalf and Eddy, 2003)
• The dewatering centrifiiges produce a 30% solids sludge cake from a 2% 
solids sludge feed (Metcalf and Eddy, 2003)
• 0.8 moles of ammonia are generated for each mole of primary solids (MW 
of 207 g) reduced in the digesters (Grady et al., 1999).
Loading and concentration variations exist during daily operations. The mass 
balances shown in this thesis do not consider these variations as it would be practically 
impossible to determine the needed parameters by grab sampling. Nonetheless, the mass
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balances are useful tools to estimate the potential concentration of recycle stream as the 
WPCF expands.
49
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
OJ
ri
I
73
I I
I t
I ^1
c/3
1
s
<D
" 2
| i
I8  CO
fe" .
a  sbk * 
bO
S
I
Î
«!
d!
S E
s ’
•à
% B
I
l 0
%
I
II I ts
fS
m
cn
N
o\
•O SO
m
r i
so
00 o s
n
CN
(S m
<N
n
«N
•O
m
>o
r<
r .
soOS
3 003 00
m
m
Os I
s
M
tN
Os
(N
Os SO
r~
8t s Os P :
00
i
m
5S CS ts 00
e»
oo
§
8
(/)
I
I
§
800
Ia
' o
00
o
00
§
mI
I
O
00
roI
I
Îo
CO
r-
I
t/5
T )
I
so 00 OS
50
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
m8
j
^  § 
. 5  S
I f
1
0> COcn O 
& §
I !  
(§ &
a t
c2 B
è  E
bo
“  s
4>
II
%
I
II i
V)
I
l
<N
gm
00
I
î
en
un
I
1
rs
S
!$
<N
00
(S
m
so
n•n
P
t".«o
m o
34—1 Cl/
O
m
oen
vn
(N
!S
ts
c -
co
m
m
m
9in
s
enen
cnJ
VO
p
so
oo
p
so os
9
a\lO
§ P
«n
d
sn
d
os no no
§
? ;
00
>n
? 00 10
8
.o
8
Ph I IO
\o
en Men 00
51
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
3.3,2.1 Suspended Solids 
Suspended solids concentrations (mg/L) and solids masses (lbs/day) for the three 
scenarios are shown in Figures 3.2 — 3.4. The SS concentration of the influent entering 
the plant is in average 200 mg/L and the final effluent SS concentration is practically 
zero. Ferric chloride is added to the influent for chemical phosphorus removal after the 
bar screen at an average concentration of 44 mg/L. The addition of FeCb (a) aids settling 
of primary solids, (b) minimizes odors, and (c) remove phosphate by forming phosphate 
precipitates (i.e FeP04 and Fe(OH 3). The amount of FeP04 and Fe(0 H)3 precipitates 
formed at WPCF has been estimated to be 4597.58 FeP04/day and 3200.33 
Fe(0 H)3/day in the case of Scenario 1. Detailed calculations are shown in Appendix B.
About 78.5% and 89% (Plants I and 2 and 3 and 4, respectively) o f the SS are 
removed by primary sedimentation generating thickened primary sludges, with 
concentrations varying from 3.7 ~ 4.3% solids. However, the primary sedimentation of 
plants 5 and 6 removes only about 50% of solids generating a sludge that contains, after 
thickening, only about 0.9% solids.
The secondary sludge generated from nitrification contains on average 3.0% solids 
and is fed to the digesters with the primary sludge. After digestion, sludge solids 
concentration decreases to about 2.0% due to solids conversion to gases (i.e. methane and 
CO2) and water. Dewatered sludge sent to the landfill contains about 30% solids. The 
amount of sludge to be disposed off in the landfill increased from 0.0332 MGD in 
Scenario 1 to 0.05 MGD in Scenario 3. The influent solids concentration is not 
significantly affected by the recycle of secondary sedimentation basins to the headworks
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because the solids concentration of the secondary sludge is similar to that of the influent 
wastewater.
Important to the estimation of struvite formation potential is the relative amounts of 
primary and secondary sludges that will be generated in the plant under all three 
scenarios (Table 3.3). While the primary sludge contains phosphate that is strongly 
bound to iron and is unlikely to be released in large amounts during digestion or sludge 
storage, the BNR and nitrification sludge contains biomass phosphoms that can be easily 
released to return streams, decreasing the efficiency of the EBPR process.
Table 3.3 Amounts of primary. BNR. and nitrification sludges generated in the three 
scenarios
Scenarios
Primary 
Lbs/day 
(% of total)
BNR 
Lbs/day 
(% of total)
Nitrification 
Lbs/day 
(% of total)
Total
Lbs/day
Scenario 1 
EBPR= 17 
CPR = 42
99,461.5
(78.43)
11,926
(9.4)
15,421
(12.6)
126,808
Scenario 2 
EBPR = 30 
CPR =30
90,122.2
(73.92)
21,033.5
(17.25)
10,759
(8.82)
121,917
Scenario 3 
EBPR = 30 
CPR = 60
152,020
(78.13)
21,033.5
(10.8)
21,517
(11.06)
194,570
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Notice that in Scenario 2 and at full design capacity, primary sludge comprises more 
than 70% of the total sludge fed to the digesters. In Scenario 2, the amount of sludge 
produced by EBPR is about twice that generated by nitrification. At full capacity 
(Scenario 3), approximately the same amount of sludge will be generated by EBPR and 
nitrification.
For Scenarios 1 to 3, the addition of FeClj in primary sedimentation results in the 
formation of 5,356; 3,545; and 7,726 lbs/day of iron precipitates (Appendix B), 
respectively. These values constitute only about 5% or less of the total amount of primary 
sludge generated and give a P concentration by mass of about 0.9% in the primary 
sludge. In the digesters, 56% of the primary volatile solids are destroyed (Appendix C). 
The recycle stream from the dewatering centrifuges contribute only 1040 lbs/day to the 
solids entering plants 1 and 2 while the filtration backwash contributes about 3,300 
lbs/day.
S.3.2.2 Mass Balance of Ammonia 
The mass balance for ammonia in the plant is shown in Figures 3.2 -  3.4. Table 3.4 
shows the ammonia loading to the digesters from the different types of sludges. Notice 
that most ammonia that enters the digesters is contributed by primary sludge and only 
19% ~ 26% is due to BNR and nitrification sludges (Table 3.4).
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Table 3.4 Ammonia loading to the digesters at WPCF for three flowrates scenarios
Scenarios
Primary 
Lbs/day (%)
EBPR 
Lbs/day (%)
Nitrification 
Lbs/day (%)
TWAS
Lbs/day
Scenario 1 
EBPR = 17 
CPR = 42
393.6 (79.2) 55 (11.07) 48.4 (9.74) 66
Scenario 2 
EBPR =30 
CPR = 30
372 (73.96) 97 (19.28) 34 (6.8) 103
Scenario 3 
EBPR = 30 
CPR = 60
611(78.8) 97 (12.5) 67.5 (8.7) 129.5
Ammonia is generated in the digesters from the degradation of proteins. The majority 
of the ammonia present in the digested sludge will end up in the dewatering centrate (> 
750 mg/L). The amount of ammonia present in the filtration backwash recycle stream is 
insignificant (3.3 lbs as N/day).
In the mass balances, measured concentrations o f ammonia in some points of the 
plant were used to estimate the quantity of ammonia generated by anaerobic digestion. 
Table 3.5 shows the amounts of ammonia in digesters that were calculated considering a 
secondary solids reduction of 20% and a primary solids reduction of 56%. It was 
assumed that 0.8 moles of ammonia are generated for each mole o f volatile solids (MW 
of 207 g) reduced in the digesters as aforementioned. Those values were used in the 
mass balances to forecast the ammonia concentrations for scenarios 1 and 3. The 
estimated and measured ammonia concentrations in the dewatering centrate, for all three 
scenarios considered, are greater than 750 mg/L.
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Table 3.5 Estimated ammonia loading (Ibs/dav) generated during anaerobic digestion at 
the WPCF - (Primary sludge reduction = 56%. Secondary sludge reduction = 
20%. assuming 80% volatile solids!
Scenario
Scenario 1 Scenario 2 Scenario 3
Primary Secondary Primary Secondary Primary Secondary
TSS 99461 27347 85416 31792 152021 42551
Released
NHj
Lbs/day
VSS 79569 21877 68333 25434 121616 34041
Digested
V SS
44559 4375 38266 5087 68105 6808
Released
NH 3
2411 237 2070 275 3685 368
Entering NH 3 
Lbs/day
394 6 6 372 103 611 130
NHj after digestion 
Lbs/day
3108 2821 4794
3.3.2.3 Metals
The concentrations of magnesium, calcium, potassium, dissolved and total iron and 
pH in several points o f the WPCF are shown in Figure 3.5. The concentrations of 
magnesium varied from about 36 mg/L in the plant influent to 58.48 mg/L in the centrate 
from the dewatering centrifuges and primary sludge entering the digesters. Potassium 
concentrations varied from 12.4 mg/L in the influent to about 34.6 mg/L in the centrate of 
the dewatering centrifuges. Calcium concentrations throughout the plant were found to 
be larger than 70 mg/L and in the dewatering centrate it is above 99 mg/L.
As expected, total iron concentration in the primary sludge is high (greater than 1000 
mg/L). Dissolved iron concentrations in the water streams, throughout the plant, are 
below 2 mg/L. In the centrate recycle stream, the total iron concentration is 57.7 mg/L.
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pH values throughout the plant varied from 7.3 to 8.4. The centrate pH was found to be 
above 8.0.
3.3.2.4 Mass balance of orthophosphate (OP) and total phosphate (TP)
The mass balances for OP and TP for the three scenarios considered are shown in 
Figures 3.2 -3.4. In Scenario 1, the average orthophosphate concentration of the influent 
is about 4 mg P/L. Approximately 70% orthophosphate is removed by FeCb addition in 
the primary sedimentation. The major recycle streams return to the headworks, 
specifically the centrifuge centrate (16 lbs P/day), the gravity thickener return (15.3 P 
lbs/day) and filter backwash (3.3 P lbs/day). The recycle streams with the largest 
potential to affect the mass balance of phosphorus as BNR is introduced are the digested 
sludge centrate and the filtration backwash.
The total phosphorous (TP) concentration of influent wastewater is about 7 mg/L. 
Coagulation with ferric chloride removes 65-70% of total phosphorous entering the 
primary sedimentation tanks in the CPR system (Figure 3.3). However, in the BNR 
system, where FeCb is not added, only about 40% of TP is removed and the influent to 
the BNR system contains about 4.2 mg/L TP. The influent TP concentration to the 
nitrification system is about 2 mg/L and it is reduced to about 0.81 mg/L after 
nitrification. Filtration reduces the TP concentrations of the BNR and CPR systems to 
less than 0.3 mg/L before discharge to the Las Vegas Wash.
The recycle streams from gravity thickener (Thickeners 5 and 6) in the BNR system 
contain about 21.8% of the TP input to the thickeners. However, a much smaller fraction 
of the input TP (average 3.0%) is found in the recycle stream from the thickeners of the 
CPR system. The reason is the larger suspended solids concentration and loading of the
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BNR thickener recycle stream as compared to that of the CPR system due to removal of 
less suspended solids without FeCb addition in the thickeners.
The total phosphorus content in the sludges (Table 3.6) was calculated using the mass 
of solids generated in the system (Table 3.3). The phosphorus content of the BNR sludge 
was in average 3.4% on a dry weight basis while the primary sludge and nitrification 
sludges had P contents o f 2.5% and 2.3%, respectively.
Table 3.6 TP and OP in sludge generated at WPCF for three flowrate scenarios
Scenarios 
Flowrate (MGD)
Primary BNR Nitrification TWAS
Scenario 1 TP (Lbs/day) 2701 422 359 711
EBPR = 1 7 OP (Lbs/day) 56 55 3.8 42
CPR = 42 % P in solids 2.7 3.5 2.3 -
Scenario 2 TP (Lbs/day) 2179.1 704 250.7 888
EBPR =  30 OP (Lbs/day) 82.73 97 2.6 79
CPR = 3 0 % P in solids 2.4 3.3 2.3 -
Scenario 3 TP (Lbs/day) 3960 704 500 1135
EBPR = 3 0 OP (Lbs/day) 94.4 97 5.3 76
CPR = 6 0 % P in solids 2.6 3.3 2.3
However, these three sludges have very different potential to release orthophosphate. 
Phosphate precipitated as FeP04 is strongly bound and is unlikely to be released during 
digestion. Indeed, in the digesters, FeP04 will be reduced to vivianite (Fe3(P04)z) which
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is a very stable phosphate mineral. The phosphorus contained in the biomass from BNR 
and denitrification is composed of two fractions: (I) a fraction resulting from normal 
phosphorus uptake by the biomass and (2) the EBPR-fraction that consists of phosphorus 
stored as polyphosphates. The major portion of P release during digestion is attributed to 
the breakdown of polyphosphate from the EBPR fraction. Orthophosphate released from 
EBPR sludge may remain as orthophosphate or it may undergo chemical precipitation 
and adsorption reactions. There are reports in the literature indicating that the amount of 
EBPR-phosphorus which remains in soluble form may be as high as 54% of the EBPR- 
phosphorus and 38% of the total phosphorus b ro u ^ t into the digester (Jardin and Poepel, 
1994). The mass balances of OP in the digesters used actual concentrations of OP found 
in the centrate. However, when the centrate samples were taken, FeCb was being added 
to the digested sludge in the storage tank and that causes the concentration of OP to 
decrease considerably. In section 3.3.4., the potential concentrations o f OP in the 
centrate, without FeCb addition in the sludge storage tank, will be estimated.
3.3.3 Analysis of Centrate 
The characteristics of the centrate recycle stream are shown in Table 3.7.
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Table 3.7 Characteristics of the centrate recycle stream
Scenarios
Flowrate
(MGD)
Flowrate
MGD
SS
Lbs/day
NHj
Lbs/day
(mg/L)
Mg
Lbs/day
(mg/L)
OP
Lbs/day
(mg/L)
TP
Lbs/day
(mg/L)
Scenario 1 
EBPR= 17 
CPR = 42
0.882 1040
2843
(757.6) (58.48)
16
(4.23)
48
(12.8)
Scenario 2 
EBPR = 30 
CPR = 30
0.882 1040
2815
(750) (58.48)
75
(20)
152
(40.3)
Scenario 3 
EBPR =30 
CPR = 60
1.323 1559.4
4391
(780) (58.48)
96
(17)
227
(40.3)
Notice in Table 3.7 that there is significant amount of ammonia (>750 mg/L) and 
magnesium (>58 mg/L) available for struvite formation. However, the OP concentrations 
are not sufficiently high to allow struvite formation. This is the case, because F e d ] is 
being added to the sludge storage tank to decrease the OP concentration.
3.3.4 Potential Orthophosphate Concentration in Centrate firom the Digested Sludge 
To predict the struvite formation potential of WPCF's centrate, it is important to 
estimate a range of OP concentrations in the digested sludge. Two methods were used to 
predict future OP concentrations:
(a) Mass Balance calculations assuming different % release of OP from the 
sludge during digestion,
(b) Actual measurement of OP release inside the digesters for known feed rate. 
Estimation of phosphorus concentration in the centrate of the WPCF
using mass balance calculations
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The estimation of OP concentrations in the digested sludge centrate assumes that no 
OP is released from the primary sludge during digestion. It also assumes that both EBPR 
and nitrification sludges will release OP during digestion. Because the exact amount 
released cannot be estimated, a range of % releases is considered. Furthermore, the 
estimate assumes that OP entering the digesters stays as OP in the digested sludge.
Tables 3.8.A - 3.8.C consider different % releases of OP firom TWAS including 
nitrification WAS and EBPR WAS inside the digesters. The amounts of secondary 
sludge generated were presented in Table 3.3. The amounts of sludge were used to 
calculate the OP quantities releases assuming BNR WAS phosphorus content of 3.4%, 
nitrification WAS phosphorus content of 2.3%, 80% volatile solids, different % P release, 
and no addition of FeCU to the sludge storage tanks or digesters. Releases of about 50% 
in Scenario 2 would cause the OP concentration in the centrate to be 153.6 mg/L (576.6 
lbs/day). This concentration of orthophosphate is sufficient to react with all the 
magnesium and ammonia present in the centrate to form struvite.
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Table 3.8 Potential concentrations of OP in the digested sludge at the WPCF considering 
different % P releases 
A. Scenario 1 (CPR = 42 MOD, EBPR = 17 MOD)
% OP release 100 50 40 30 20 10
Released OP 
(Lbs/day)
EBPR WAS 324.4 162.2 129.8 97.3 64.9 32.4
btitrification
WAS 283.7
141.9 113.5 85.1 56.7 28.4
Primary sludge 56.1 56.1 56.1 56.1 56.1 56.1
U r  c i i i c i u i g EBPR WAS 55 55 55 55 55 55
(Lbs/day) Nitrification
WAS 3.8 3.8 3.8
3.8 3.8 3.8
OP in centrate Lbs/day 723 419
358.2 297.3 236.5 175.7
mg/L 192.7 111.6 95.4 79.2 63 46,8
B. Scenario 2 (CPR = 30 MOD, EBPR = 30 MOD)
% OP release 100 50 40 30 20 10
Released OP 
(Lbs/day)
1 EBPR WAS 572.1 286.1 228.8 171.6 114.4 57.2
Nitrification
WAS 198
99 79.2 59.4 39.6 19.8
OP entering 
the digesters 
(Lbs/day)
Primary sludge 82.7 82.7 82.7 82.7 82.7 82.7
EBPR WAS 97.1 97.1 97.1 97.1 97.1 97.1
Nitrification
WAS 2.6 2.6 2.6
2.6 2.6 2.6
OP in centrate Lbs/day 952.5 567.4 490.4 413.4 336.4 259.4
mg/L 253.8 151.2 130.7 110.2 89.6 69.1
C. Scenario 3 (CPR = 60 MOD, EBPR = 30 MOD)
% OP release 100 50 40 30 20 10
Released OP 
(Lbs/day)
EBPR WAS 572 286 228.8 171.6 114.4 57.2
Nitrification
WAS 395.9 198
158.4 118.8 79.2 39.6
OP entering 
the digesters 
(Lbs/day)
Primary sludge 94.8 94.8 94.8 94.8 94.8 94.8
EBPR WAS 97.1 97.1 97.1 97.1 97.1 97.1
Nitrification
WAS 5.3 5.3 5.3 5.3
5.3 5.3
OP in centrate Lbs/day 1165 681.2 584,4 487.6 390.8 294
mg/L 395.9 121 103.8 86.6 69.4 52.2
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S.3.4.2 Estimation of phosphorus concentration in the centrate of the WPCF using actual 
data collected in digesters and thickeners
To analyze actual TP and OP concentrations in the centrate of the WPCF digesters, 
samples were taken from the six primary thickeners, the 12 anaerobic digesters, and the 
TWAS tank at WPCF. To compare the measured values with estimated values based on 
mass balance, the flowrate and the characteristics of sludge fed to each specific digester 
were acquired from plant’s operating data. The results of the analyses are shown in Table 
3.9.
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Table 3.9 Measured concentrations of OP and TP at the WPCF thickeners and digesters 
and estimated and actual OP concentrations in the centrate and sludge cake
Flowrate Measured TP Measured OP
MOD mg/L Lbs/day mg/L Lbs/day
Feed Thckener 3 0.0576 595 286.43 1.6 0.77
D ige^r (i-vÿr 286.43 U. 1.11
Feed Thickener 2 0.0720 595 358.03 1.6 0.96
Digester :^  ^ 0 9 .2 7 p{ 6.05 3.64
Feed
Thickener 4 0.0192 595 95.48 1.6 0.26
Thickener 5 0.0096 522.5 41.92 11.7 0.94
Thickener 6 0.0096 522.5 41.92 11.7 0.94
TWAS 0.336 1380 387.52 64 17.97
566.83 20.11
Digester m m m t i t s m m # # 74.62
Feed
Thickener 4 0.0384 595 190.95 1.6 0.51
Thickener 5 0.0192 522.5 83.84 11.7 1.88
Thickener 6 0.0192 522.5 83.84 11.7 1.88
TWAS 0.0672 1380 775.04 64 35.94
1133.67 40.21
piaster: 1071.09 9.03
Centrate actual 0.3124 20 52.22
estimated 0.3124 33.91 88.39
Sludge cake actual 0.0332 10547.34 2921.98
estimated 0.0332 8099.85 2243.94 .....................
Table 3.9 demonstrates that the OP concentration in the digesters (Digesters 4 ,5 ,6)  
fed exclusively with primary sludge is very small (6.05 mg/L) and contributes only 3.64 
lbs/day of OP. The sludge of Digesters 7 and 8, which are fed a mixture of primary and 
secondary sludges, contributes 74.62 lbs/day of OP and has a OP concentration of 124 
mg/L. On the other hand, the sludge from digesters 9-12, which are fed twice more WAS 
than digesters 7 - 8 ,  contributes only 9.03 lbs/day OP. The OP concentration in the 
digesters is about 7.5 mg/L. The low OP concentration observed here is the result of the
64
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current addition of FeCla to these digesters. Therefore, if FeCb was not added to these 
digesters, the OP concentration would be greater than 124 mg/L.
To estimate the full impact of OP release on the OP concentrations observed in the 
centrate, OP concentrations were estimated in the centrate assuming FeCls is not added to 
the digesters or storage tanks in the plant. Tables 3.10 and 3.11 show these estimates for 
the scenario where FeCls is added and for the scenario where FeClg is not added, 
respectively.
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Based on actual phosphorus concentrations measured, the % phosphorus release was
calculated. To estimate the percent release, phosphorus concentrations o f Thickener 4,5,
6, and TWAS as feed, and Digester 7 ,8  as output were used because ferric chloride is not
added to these digesters. Neglecting phosphorus release from the primary sludge and
assuming that it is released from TWAS including activated sludges from nitrification
basins and EBPR sludges, the percent release was calculated as :
^  _  outputOP from the digesters -  input OP to the digesters 
Total P in TWAS -  OPin TWAS ^
Therefore, x 100 = 15%
386.71-17.93
Varying the percentage of phosphoms released from the TWAS, the potential 
concentrations o f orthophosphate in centrate were estimated as 54.62 mg/L for 30% and 
82.93 mg/L for 50% P release. Assuming no FeCls is added, concentration of OP as high 
as 149.86 mg/L and 234.78 mg/L were found for 30% and 50% release, respectively.
The potential OP concentrations in the centrate for these scenarios are summarized in 
Table 3.12. As can be observed in Table 3.12, if  FeCls was not added to the digesters, 
concentrations o f OP are higher than 87.55 mg/L.
68
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Table 3.12 Potential centrate concentrations with and without the addition of FeCh
% P release
? concentration in centrate (mg/L)
FeCU addition no FeClj addition
15 33.85 87.55
30 54.62 149.86
40 68.78 192.32
50 82.93 234.78
Notice that the concentration of P in the centrate estimated from actual data from the 
plant (Table 3.12) is not very different from those estimated using the content of P in the 
solids (Table 3.8). Especially, the P concentration (87.55 mg as P/L) o f centrate showing 
15% P (Table 3.12) is very similar to the centrate P concentration which was calculated 
based on % P contained in the suspended solids. In Table 3.8 - B, the estimated P 
concentration in the digested sludge for the current operating conditions and for 10% and 
20% P release were found to be 69.1 mg/L and 89.6 mg/L. For a 15% release, the 
concentration would be around 79.35 mg/L.
The mass balances have shown that when EBPR is introduced there is the potential 
for generating OP concentration greater than 200 mg/L in the centrate from the digested 
sludge. Therefore, it is likely that stmvite can be formed. The evaluation o f this 
potential is the subject of Chapter 4.
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CHAPTER 4
BENCH-SCALE STRUVITE PRECIPITATION AND CHEMICAL EQUILIBRIUM 
MODELING OF THE CITY OF LAS VEGAS WPCF CENTRIFUGE CENTRATE
4.1 Introduction
Digested sludge liquors from wastewater treatment plants that include enhanced 
biological phosphorus removal (EBPR) in their treatment train have the potential to form 
struvite (MgNH4?04 6H2O). The potential can be determined by the concentrations of 
struvite constituents including phosphorus, ammonium, and magnesium. Phosphorus 
concentration o f  digested sludge liquors is expected to increase when EBPR is introduced 
to wastewater treatment plants because phosphorus accumulating organisms (PAOs) can 
accumulate phosphorus beyond their metabolic needs. The sludge generated from EBPR 
contains, in general, 4 - 4.5 % phosphorus on a dry weight basis, which is about twice 
that of a normal sludge biomass (Rittmann et al., 2001). However, phosphorus 
• concentration as high as 15 % has been reported in EBPR systems (Grady et al., 1999). 
Phosphorus absorbed by PAOs is stored in the form of polyphosphate (poly-P) inside 
microbial cells and it is quickly released from the cells during anaerobic digestion.
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To form struvite in digested sludge liquors, phosphorus, magnesium, and ammonia 
should be present in adequate amounts. Phosphorus is supplied by released 
orthophosphate (PO/") from the sludge solids. Ammonia comes from the degradation of 
nitrogenous material contained in the primary sludge. Magnesium originates from the 
degradation of organic material and poly-P hydrolysis (Wild et al., 1997, Jardin and 
Popel, 1996). Additionally, when the plant is located in a region where the water is hard 
or in a coastal area, there also exists e n o u ^  magnesium to promote struvite precipitation.
Struvite formation potential can be calculated using batch tests and chemical 
equilibrium models. Chemical equilibrium modeling systems including MINEQL+ 
(Ohlinger et al, 1998), MŒNTEQA+ (Buchanan et al., 1994, Doyle et al., 2002, Wang et 
al., 2003), or Struvite 3.1 (Parsons et al., 2001, Jaffer et al., 2002) have been applied to 
predict struvite formation under different environmental conditions.
Batch precipitation test for struvite formation have been performed using synthetic 
liquors as well as actual digested sludge liquors (Abbona et al., 1982, Scott el al., 1991, 
Webb and Ho, 1992, Aage et al., 1997, Jaffer et al., 2002). Variation of pH, the molar 
ratios o f struvite constituents, and temperature can be used to evaluate the effects of these 
parameters on struvite formation potential. For example, the pH of the centrate can be 
adjusted by the addition of NaOH or HCl and the molar ratios of constituents can be 
adjusted by adding phosphorus, magnesium, and ammonium to the centrate. Generally, 
only the concentrations of phosphorus or magnesium are increased because actual 
digested sludge liquors contain sufficient ammonia (>750 mg N/L) (Williams, 1999, 
Doyle et al, 2000, Elisabeth et al, 2001, Jaffer et al, 2001).
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After stmvite precipitation tests are completed for the desired conditions, the 
precipitate formed can be separated from liquid by filtration or centrifugation. The 
residual concentrations of phosphorus, magnesium, and ammonia in the liquid phase are 
then measured to determine how much of the constituents have been precipitated. The 
presence of stmvite in the precipitate can be determined by X-ray diffraction analysis.
The work presented here focuses on determining the potential for stmvite formation 
at the City of Las Vegas Water Pollutant Control Facility (WPCF) due to the introduction 
of EBPR. Specifically, the stmvite formation potential of digested sludge centrate is 
investigated using batch tests and chemical equilibrium modeling with the software 
MINEQL+. While the batch tests provide insight into the optimal concentrations of 
stmvite constituents and environmental conditions needed to precipitate stmvite at 
WPCF, the modeling can be applied to centrâtes of different composition if a good 
correlation is found between the batch test and the model results. The results of the 
chemical equilibrium modeling provide the amounts of precipitates formed as well as the 
residual concentrations of stmvite's constituents.
4.2 Materials and Methods 
A matrix for modeling and batch testing was constmcted to investigate the effects of 
molar ratio of stmvite constituents, pH, and temperature on stmvite formation. Based on 
the characteristics of the WPCF digested sludge centrate, the testing matrix shown in 
Figure 4.1 was used.
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pH pH
25 ®C 8 8.5 9 9.5 10
Initial
40
80
100
150
200
250
37 »C 8 8.5 9 9.5
Initial
40
80
100
ISO
200
250
PHOSPHORUS CONCENTRATIONS 
(mg/L)
Figure 4.1 Matrix for batch struvite tests and modeling.
(Highlighted areas are samples for which X-ray diffraction analyses were performed)
Phosphorus concentrations varying from the initial value found in WPCF centrate to 
250 mg P/L were investigated in the batch tests. The phosphorus levels for batch tests 
were chosen based on potential phosphorus concentration in the digested sludge, 
estimated in Chapter 3 of this thesis using mass balance calculations. The pH values 
investigated varied from 8 to 10. This range was chosen based on the initial pH of the 
centrate and on the pH for optimal struvite precipitation. The temperature range was 
chosen based on temperatures found in the anaerobic digesters (37°C) and in the 
centrifuges (< 25°C). In mesophilic anaerobic digesters, such as WPCF’s, the digestion 
temperature is 37°C and it decreases to room temperature (25°C) when the digested 
sludge is discharged to the dewatering system.
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4.2.1 Batch Tests
4.2.1.1 Preliminary Batch Tests
pH is a major factor influencing struvite formation and it should be strictly controlled 
in the batch tests. Preliminary tests were performed to evaluate the buffer capacity of the 
WPCF centrate. The initial pH of Centrate was 7.9 and samples were first aerated to 
eliminate CO2 and then IN NaOH was added gradually to increase the pH. The volumes 
of NaOH were recorded and used to control pH in the batch tests.
4.2.1.2 Struvite Precipitation Tests
Two sets o f tests were performed; one with the raw centrate taken from WPCF, and 
another with filtered centrate. The raw centrate contained about 270 mg/L SS. To 
eliminate the effect of the existing solids on tlie total amount of precipitate to be formed, 
tests were also performed with filtered centrate. Reductions of phosphorus, ammonium, 
and magnesium found in both tests were very similar. Therefore, only the results of the 
tests performed with unfiltered centrate will be reported here as they better represent the 
actual conditions in the plant. Analyses in the unfiltered centrate were needed to 
determine whether struvite was already present. A summary of typical results for 
unfiltered samples is presented in Appendix D.
Two hundred and fifty mL of centrate were placed in individual 1-L beakers and 
Na3P04 and NaOH were added to adjust phosphorus concentration and pH, respectively. 
The beaker was then placed on a water bath and sparged with air for 10 minutes (Figures
4.2 and 4.3). Stmvite formation kinetics is very fast: 10 minutes usually are sufficient to 
allow for stmvite formation. Demeestere et al. (2001) have reported that stmvite 
precipitation was completed in less than 1 minute in batch experiments at pH 7.8.
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T herm om eter <■
pH meter -4-
1 f
-► Water bath 
->  Dilution water
Centrate -4- ■> Aerator
Figure 4.2 Set-up schematic of batch test reactor
• wr^
Figure 4.3 Batch test reactor
In the batch tests for the WPCF centrate, the precipitates in equilibrium with the 
solution were allowed to rest for 24 hours to promote crystal growth. After 24 hours the 
pH was measured and the precipitate was separated from the liquid by centrifuging for 90 
minutes at 7000 rpm. The liquid was then analyzed to investigate residual phosphorus, 
magnesium, ammonia, calcium, iron, and alkalinity concentrations and the solid was
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dried in normal temperature. The dried solid precipitates (Figure 4.4) were analyzed for 
the presence of stmvite using X-ray diffraction
m a m a
Figure 4.4 Precipitates from batch tests used to detect stmvite by X-ray diffraction
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4.2.1.3 Analytical Methods
eh
The final pH of the precipitation reaction was measured using an AR 10 Fisher 
Scientific pH meter.
Orthophosphorus and ammonia 
After separating the batch test precipitate firom the liquid with a 0.45 pm membrane 
filters, orthophosphate and ammonia were determined spectrophotometrically using the 
ascorbic acid and phenate methods, respectively (Standard Methods, 1998). A Hach DR- 
3000 spectrometer and Hach chemical pillows were used.
Magnesium. Potassium, and iron 
Dissolved iron was determined using a Perkin Elmer Analyst -1 0 0  atomic absorption 
(AA) spectrometer. The concentrations of calcium, magnesium, and potassium were 
determined by Inductively Coupled Plasma ICP/MS analysis in the Harry Reid Center for 
Environmental Sciences at UNLV using a Perkin Elmer elan 5000 ICP/MS with SM 
200.8. Some samples were also run at the Nevada Bureau of Mines and Geology in 
Reno, NV using a Micromass Platform ICP/MS.
Calcium
The concentrations of dissolved calcium were measured by Inductively Coupled 
Plasma (ICP)/MS at the Harry Reid Center for Environmental Studies at UNLV. For the 
majority of the batch tests, hardness and magnesium measurements were used to estimate 
the calcium concentrations remaining, using the equation shown below (Equation 1). 
Hardness was measured with a Hach hardness test kit based on EDTA titration.
Hardness, CaCOs mg/L = 2.497 Cca2+ + 4.115 CMg2+ (Cca2+, CMg2+ : mg/L) (1)
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Solids
To check the formation of struvite and other precipitates, solids precipitated in the 
batch tests and highlighted in Figure 4.1 were dried at room temperature, weighed, and 
analyzed by X-ray diffraction. X-ray diffraction was run using a Phillips XRD unit on 
slides prepared using an acetone slurry at the Nevada Bureau of Mines and Geology in 
Reno, NV.
4.2.2 Chemical Equilibrium Modeling 
In accordance with the bench tests, MINEQL+, a chemical equilibrium modeling 
system, was used to predict the amount of struvite precipitation and to show optimum 
conditions for struvite formation. Based on the test matrix (Figure 4.1), MINEQL+ was 
run using the same conditions of the batch tests. In the MINEQL+ run, the chemical 
components included COg^', P04^', NIL" ,^ Mg^ "^ , Fe^^, and Ca^  ^(Table 4.1), which were 
selected from a menu and the existing thermodynamic database. The solubility product 
(pKsp = 12.6) and the change of formation enthalpy (AH = 5.787 Kcal/mole) of struvite 
was input by hand because the MINEQL+ database does not contain these data for 
struvite. The AH of 5.787 Kcal/mole was found in the study of Bums and Finlayson 
(1982). The ionic strength of the centrate was also calculated using the equation devised 
by Lewis and Randall (Snoeyink and Jenkins, 1980) (Equation.2).
"  = (2)
^ i
H -  ionic strength C; = concentration of ionic species, i Z\ = charge of species, i 
The modeling results showed residual concentrations of each species and 
concentrations of precipitates formed. The results were then compared with the results of
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bench tests to find optimum conditions to precipitate struvite and predict stmvite 
formation potential in centrâtes of varied compositions.
Table 4.1 Parameters used in the chemical equilibrium modeling
Component
pH 8.0 -10.0
Type of system Open to the atmosphere
Al^^-AlmgA. 1.79
B(0H)3 - B mg/L 1.4
- Ca mg/L 75.5
COz partial pressure 10 '3 .i
Fe^  ^- Fe mg/L 2.28 *
K^-Kmg/L 138
Mg^  ^- Mg mg/L 54.3
NHL»^  -  N mg/L 600
PO /' - P mg/L 21-250
Ionic strength, p 3.6072E-03-6.931E-03 **
* Iron was added because the sludge at WPCF contains significant amounts o f iron.
** The ionic strength in the runs can be adjusted as three options. It can be neglected, 
calculated in the modeling, or fixed using specific values. In this study, the ionic 
strengths were calculated using equation (Eq. 2) devised by Lewis and Randall 
(Snoeyink and Jenkins, 1980) and the values were fixed in the software. Because it is 
practically impossible to account fo r  all the species present in the centrate, only 
major components were considered to calculate the ionic strength. To show 
variations o f  the results from modeling concerning the ionic strength, sensitivity 
analysis were performed varying the ionic strength. When the ionic strength was 
changed from 0.02287 to 0.10000, residual phosphorus concentration increased from
4.1 mg P/L to 6.5 mg P/L. It was found that no major difference in the amount of 
precipitate formed or remaining solid species were found at different ionic strengths. 
Typical data o f the sensitivity analysis are found in Appendix F.
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4.3 Results and Discussion
4.3.1 Analysis of Residual Constituent Concentrations and Determination of Optimal 
pH for Struvite Formation Using Batch Tests 
Residual concentrations o f phosphorus, magnesium, and ammonium for different pH 
values were measured in batch tests and removal efficiencies were calculated based on 
initial concentrations (Table 4.2). Example plots of residual concentrations of 
phosphorus and magnesium are depicted in Appendix I. Also, shown in Appendix l i s a  
plot of solid and aqueous species for the centrate when the phosphorus concentraion 
equals 80 mg as P/L. Centrate from the Las Vegas WPCF containing 21 mg P/L, 55 mg 
Mg/L, and 600 mg N/L was used in the batch tests. The pH of the centrate was changed 
by adding NaOH and phosphorus concentrations were increased by adding NasPÛA. The 
removal efficiencies of the components were changed according to pH and phosphorus 
concentrations and the efficiencies are presented in Table 4.2.
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Table 4.2 Removal Efficiencies of Phosphorus. Magnesium, and Ammonia in 
BatchTests of the WPCF centrate
Initial P mg/L Batch tests
pH . 9.4 9.89
21
P 86.2 89.0 80.7 89.8 83.1
% removal Mg 40,7 49.1
m ,- N 15.0 10.5 14.7 17.3 21.2
pH 9.1 9.45 9.9
40
p 88.5 92.5 84 94.5 86.8
% removal Mg m m :#46,5','i- 63.3 70.5 68.0
NH4-N 12.5 17.3 21.7 20.3 24.3
pH 8.96 9.33 9.85
80
P 83.8 85.5 88.5 91.3 91.3
% removal Mg 94.4
NH4-N 16.0 12.3 16.3 21.7 26.7
pH Km# 8.88, 9.83
100
P 78.0 80.0 78.0 82.0 81.0
% removal Mg ;v>:93iLv'i-r-' i . #96,7,'; 96.5
NH4-N 12.3 13.7 21.0 23.7 34.7
pH 8 .2 ie 9.31 9.77
150
P 61.3 57.7 58.7 53.2 62.3
% removal Mg 94.0 98.0 98.0 98.5
NH4-N 19.8 31.0 36.0 30.3 33.0
pH 9.75
200
P 39.0 42.0 47.0 48.0 43.0
% removal Mg V98;2 98.5 99.1
NH4-N 26.3 24.3 25.7 37.0 42.0
pH ï m - 9.22 9.71
250
P 34.4 39.2 41.6 38.4 38.4
% removal Mg 97.3 98.7 99.3
NH4-N 7.5 28.0 24.7 35.0 20.0
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To find the pH showing the highest potential for struvite precipitation, phosphorus, 
magnesium, and ammonium removal efficiencies were plotted in Figure 4.5. For each 
test, the optimal pH for struvite precipitation is that for which the removals of both 
phosphorus and magnesium are the greatest. This is the case because ammonium is 
present in excess. Inspection of Figure 4.5 for all batch tests performed revealed that the 
pH values of highest removal efficiency for phosphoms, magnesium, and ammonium are 
within 9.0 -  9.5.
orttwphosphons - Q — magnesium
(a) P = 21 mg/L
100
8.5 9.0 10.09.5
pH
(c) P =  80 mg/L
100
1  60
20 r
8.5 9.0 9.5 10.0
k— ammorium-N 
(b) P = 40 mg/L
100
8.0 8.5 9.0 9.5 10.0
pH
(d) P = 100 mg/L
100
8.0 8.5 9.0 9.5 10.0
PH pH
Figure 4,5 Removal efficiencies of orthophosphorus, magnesium, 
and ammonium in batch tests
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(e) P =  150 mg/L (0  P = 200 mg/L
100
8.0 8.5 9.0 9.5 10.0
100
9.0 9.5 10.08.58.0
pH
(g) P = 250 mg/L
pH
10.0
Figure 4.5 Removal efficiencies of orthophosphorus, magnesium, 
and ammonium in batch tests (continued)
The results of the batch tests show that as initial phosphorus concentrations increased, 
the phosphorus removal efficiencies decreased and the magnesium removal efficiencies 
increased. For phosphorus concentrations below 80 mg P/L, phosphorus removal 
efficiencies are higher than magnesium removal efficiencies and phosphorus is a limiting 
constituent. For initial phosphorus concentration of 80 mg P/L, removal efficiencies of 
phosphorus and magnesium are about the same. As initial phosphorus concentrations are 
increased between 80 mg P/L and 250 mg P/L, magnesium removal efficiencies become
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higher than phosphorus removal efficiencies. That means magnesium is a limiting factor 
to form precipitates when the initial phosphorus concentration is greater than 80 mg P/L. 
Ammonia removal efficiencies were always lower than both phosphorus and magnesium 
because ammonia is present in the centrate in excess.
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Table 4.3 Removal efficiencies of phosphorus, magnesium, and ammonia calculated 
bv modeling with MINEOL+
Initial P mg/L Modeling
pH J. 8.61> i- mi:; 9.89
21
P 96.1 93.2 69.4 36.1 0.1
% removal Mg 87.9 95.2 97.5 :
NH4-N 0.0 0.0 0.8 0.6 0.0
pH 9.1 9.45 9.9
40
P 92.6 94.5 79.9 32.0 0.0
% removal Mg iifiw 90.5 100.0
NH4-N 0.1 0.1 1.5 0.8 0.0
pH # # # m # f
80
P 92.5 94.2 93.8 76.6 11.7
% removal Mg w # IK
NH4-N 2.9 2.9 T 3.4 3.2 0.6
pH W# :;:"9i34:f' 9.83
100
P 84.8 86.9 92.6 80.1 9.8
% removal Mg w r : 98.3
NH4-N 3.6 3.9 4.3 4.1 0.8
pH 9.77
150
P 64.0 65.3 68.2 68.6 30.6
% removal Mg !#### 0 ,
NH4-N 4.6 4.8 5.0 5.0 2.5
pH 9/75 ■
200
P 49.6 50.6 51.3 51.8 49.0
% removal Mg A# n 98.9 98.5
NH4-N 5.0 5.0 5.0 5.0 4.8
pH 'T‘- 9.71
250
P 39.7 40.5 41.2 41.5 41.5
% removal Mg 92.6 95.3 97.9 99.1 99.0
NH4-N 4.8 5.0 5.0 5.3 5.3
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To find the pH that promotes the highest removal efficiencies for the model data, the 
efficiencies for various pH values were plotted in Figure 4.6. As with the batch test data, 
pH that promoted the highest magnesium and phosphorus removal were selected and it 
was found to be 9.0.
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I—  orthophosphorus 
(a) P = 21 mg/L
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100
80 
er L
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^  I 
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0
8.5 9.0 9.5
pH
(c) P =  80 mg/L
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40
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(b) P =  40 mg/L
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Ë 40 r
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Figure 4.6 Removal efiFiciencies of orthophosphorus, magnesium, and 
ammonium calculated as modeling with MINEQL+
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(e) P = 150 mg/L (f) P «  200 mg/L
(g) P = 250 mg/L
10.0
100 
90 
80 \-  
I  70 ■-
0--8-
pH
60
50
40
30
20
9,5 10.08.0 8.5 9.0
Figure 4.6 Removal efficiencies of orthophosphorus, magnesium, and 
ammonium in batch tests (continued)
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Based on modeling results, struvite concentrations formed are shown in Figure 4.4 
considering changes in pH.
550
500
450
I 400350
300
S 250 
fl 200
I
100
9.0 9.58.5 10.08.0
P=21mg/L 
P = 80 mg/L
pH
- B -  P-40mg/L 
- © — P - 100 mg/L
P » ISO mg/L 
pB 250 mg/L
9.5 10.0
■£s— P -  200 mg/L
Figure 4.7 Struvite concentrations as calculated by modeling with MINEQL+
As can be observed in Figure 4.7, optimal pH for struvite formation is about 9.0 
according to the model. This pH is within the pH range (9.0 -  9.5) determined using 
removal efficiencies in batch tests of the actual centrate. The results predicted are in 
accordance with those presented by Buchanan et al. (1994a), Stratful et al. (2001), Doyle 
and Parsons (2002), and Wang et al. (2003), which were performed with MINTEQA+.
4.3.2 Molar Ratios of Phosphorus to Magnesium 
Digested sludge liquors from which struvite can be precipitated should contain 
magnesium, ammonium, and phosphate at a molar ratio of at least 1 ; 1 : 1 or at a mass 
ratio of 1 : 0.74 : 0.39 because the chemical composition of struvite is MgNH4P04'6H20.
To find the optimal molar ratio for struvite formation, phosphorus and magnesium 
removal efficiencies were plotted (Figure 4.8) against the molar ratios of P/Mg at pH 9.0,
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the optimal pH determined from Figure 4.7. Because phosphorus removal and 
magnesium consumption will be same on a molar basis if struvite formation is occurring, 
optimal molar ratios can be determined by comparing removal efficiencies of phosphorus 
and magnesium. Ammonium is not considered because excess ammonium exists in the 
centrate.
The batch tests on the centrate were performed for phosphorus concentration of 21 
mg/L, 40 mg/L, 80 mg/L, 100 mg/L, 150 mg/L, 200 mg/L, and 250 mg/L and a constant 
magnesium concentration of 55 mg/L. Thus, the P/Mg ratios in the batch tests were 0.33, 
0.62,1.24,1.55,2.32, 3.10, and 3.52, respectively. In Figure 4.8, it can be seen that the P 
: Mg ratio at which phosphorus and magnesium removal efficiencies were similar is 1.24 
(P = 80 mg/L, Mg = 55 mg/L).
100
90 r
5- 80
0.0 3.0 3,5 4.00.5 1.0 2.0 2.51.5
molar ratio (P/Mg) 
phosphorus — g —  magnesium
Figure 4.8 Measured phosphorus and magnesium removal efficiencies 
to molar ratios of P/Mg in batch tests (37°C)
95
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
Fujimoto et al.(1991) and Jaffer et al. (2002) have reported optimal P : Mg ratios of 
0.81 and 0.95, respectively for plant liquors of pH = 9.0. These values are smaller than 
the 1.24 ratio found in this study. The higher P ; Mg ratio may be explained by the 
formation of precipitates other than struvite.
Figure 4.9 shows the formation of struvite (MgNH4P04 6H2O), dolomite 
(CaMg(C03)2), and hydroxylapatite (Cas(P04)30H) as a function of the P/Mg ratios.
550
SCO
450
400
350
= 250
200
150
100
50
0.0 1.0 1.5 2.0
m olar ratio (P/Mg)
2.5 3.50.5 3.0 4.0
— # —  Struvite — Q —  dolomite — A :—  hydroxylapatite
Figure 4.9 The formation of precipitates as a function of the P/Mg ratios at pH 9.0
Notice that most dolomite is formed at P/Mg ratios < 1.5. Struvite and 
hydroxylapatite formation increases linearly up to P/Mg =1.5 and then it reaches 
constant values. In the batch tests of the centrate, the % P and Mg removals indicate only 
a reduction in the concentration of phosphorus and magnesium, but it does not associate 
this reduction to the formation of specific species. Thus, below P/Mg < 1.5 magnesium 
could have been used for dolomite or struvite formation, but very little dolomite is 
formed after P/Mg > 1.0. The phosphorus removal is associated with the formation of
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both struvite and hydroxylapatite. Thus, if  only the phosphate used to form stmvite is 
taken into consideration, the phosphate removal efficiency curve would be lower than 
that shown in Figure 4.8 and the optimal P/Mg would be in a similar range to that 
reported in other studies.
The analysis of calcium concentrations in the batch tests shows that calcium 
concentrations decreased in the liquid phase (Table 4.4). This is an indication that 
hydroxylapatite was formed and therefore phosphorus was used to form both struvite and 
hydroxylapatite.
Table 4.4 Residual calcium concentrations in batch precipitation test performed 
at pH 9.0
Molar ratio | Initial 0.33 0.62 1.24 1.55 2.32 3.10 3.52
Calcium conc. (mg/L) 78 19.7 42.8 20.8 25.8 30.2 22.4 6.9
Removal efficiencies versus molar ratios of P : Mg for the modeling results are 
presented in Figure 4.lO.(a), which considers a calcium concentration of 75.5 mg/L.
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(a) Calcium = 75.5 mg/L
loo
3.5 4.02.5 3.02.01.0 1.50.0 0.5
molar ratio (P/Mg) 
phosphorus — Q —  magnesium
(b) Calcium = 30 mg/L
100
80
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20
2.5 3.0 3.5 4.00.0 0.5 1.0 1.5 2.0
molar ratio (P/Mg)
— 0 —  phosphorus —Q —  magnesium
Figure 4.10 Phosphorus and magnesium removal efficiencies 
against molar ratios of P/Mg in modeling (37°C)
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(c) Calcium = 0 mg/L
100
•5  60
3.5 4.00.5 1.0 1.5 2.0 3.00.0 2.5
m olar raüo (P/Mg)
— @ —  phosphom s — 0 —  magnesium
Figure 4.10 Phosphoms and magnesium removal efficiencies 
against molar ratios of P/Mg in modeling (37°C) (continued)
Notice in Figure 4.10,(a) shows two points of interception^ one at P/Mg = 0.5 and 
another for P/Mg = 1.7. As shown in Figure 4.9, dolomite concentration decreases and 
struvite and hydroxylapatite concentrations increased when the molar ratio ranges from
0.5 to 1.0. This fact causes removal efficiencies to decrease and phosphoms removal 
efficiency to increase and result in an interception between molar ratios of 0.5 and 1.0. 
Molar ratios showing same removal efficiencies of magnesium and phosphoms were 
between 1.5 and 2.0. As calcium concentration decreased, the range of interception 
decreased to 0.5 -  1.0 (Figure 4.10).
4.3.3 Mass o f Precipitates Formed in Batch Tests and Modeling 
Depending on the concentrations of the centrate components, stmvite 
(MgNH4P04 6H2O), dolomite (CaMg(C0 ])2), hydroxylapatite (Cas(PO4)30H), and 
magnesite (MgCOa) can be formed (Appendix H). Determining the mass of precipitate to
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be formed is important to predict pipe clogging rates of pipes and amounts of sludge to be  
generated, if intentional stmvite precipitation is desired. In batch tests, the total 
precipitate mass was measured, but masses of each specific component could not be 
measured. Total masses precipitated calculated by chemical equilibrium modeling 
(MINEQL+) can be compared with actual masses obtained in the batch tests (Figure 
4.11).
0.55
0.50
^  0.45
is- 0.40
«  0.35
0.30
0.25
8.0 10.08.5 9.0 9.5 10.5
pH
— 9 —  model —0 —  batch tes t
Figure 4.11 Comparison of mass precipitated between batch tests and modeling at 25°C
Notice in Figure 4.11 that the mass precipitated in batch test increased with increasing 
pH. However, the mass of precipitates calculated by modeling increased before pH 9.0 
and decreased after pH 9.0. This trend was also found in Doyle’s study (Doyle et al., 
2000). They found that mass of stmvite precipitated up to pH = 8.5 was lower than that 
predicted by modeling. After pH 8.5, higher masses were found as compared to the 
model. However, at pH values greater than 9.0, the batch tests performed in this study
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show increased masses of precipitate at higher pH values, This is the case because 
hydroxylapatite was also being formed.
To evaluate the correlation between mass of precipitates predicted by the modeling 
and the mass obtained in batch tests, several test sets were selected and masses of 
precipitates were compared. Selected data were organized in Table 4.5
Table 4.5 Comparison of masses of precipitate obtained bv modeling and in actual 
batch tests of the WPCF centrifuge centrate
Initial phosphorus (mg/L) pH Modeling (g) Batch test (g)
25°C
21 8.61 0.0636 0.0358
21 9.04 0.1016 0.0492
40 8.63 0.0529 0.0452
80 8.65 0.1270 0.0764
80 9.33 0.1464 0.1120
200 8.42 0.1779 0.1363
37“C
21 8.55 0.0619 0.0402
21 9.54 0.0867 0.0572
40 8.49 0.0472 0.0450
80 8.41 0.1129 0.0764
100 8.41 0.1386 0.1130
100 9.45 0.1108 0.1139
200 7.92 0.1503 0.1363
These data were plotted based on temperature and pH (Figure 4.12)
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Mass precipitated at 25 °C Mass precipitated at 37 °C
in
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Figure 4.12 Correlation o f mass precipitated between model and batch tests
The results show that the total amount of mass measured in the tests is smaller than 
what the model predicts and correlation between both gives > 0.85. It was expected 
that larger masses would be determined experimentally as compared to these predicted by 
the model because there are several compounds present in the actual centrate that were 
not accounted for in the model. Two potential explanations could be :
(a) Some components of the centrate, not accounted for in the model, may have 
hindered precipitate formation in the batch tests.
(b) Separation of solids and liquid in the batch test was not adequate. In some tests, 
the precipitates were too small and separation from the liquid phase, afrer long 
centrifugation, was not perfect.
4.3.4 Identification of Struvite in the Batch Tests Precipitate
X-ray diffraction was performed in 25 precipitate samples. The results are 
summarized in Table 4.6 and 4.7 and the X-ray diffraction reports are in Appendix E.
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Struvite was detected even in those obtained in tests performed with centrate containing 
21 mgP/L.
Table 4.6 X-rav diffraction results of solids precipitated from unfiltered centrate
Sample (°C -  P mg/L -  pH) Mass (g) XRD
25 -21 -  8.46 0.042 Struvite
25 -2 1 -8 .9 9 0.0572 Calcite and struvite
25 -40 -8 .49 0.0450 Struvite
25 -80-8 .11 0.0764 Poorly crystalline struvite
25 -  100 -  8.87 0.1130 Struvite
25-200-7 .94 0.1363 Struvite
37 -21 -8 .66 0.0358 Poorly crystalline struvite
3 7 -2 1 -9 .4 0.0492 Monohydrocalcite and struvite
37 -21 -9 .89 0.0492 Monohydrocalcite and struvite
37 -40-8 .48 0.0452 Poorly crystalline struvite
37 -80-8 .51 0.1005 Struvite
37 -  80 -  8.93 0.13 Struvite
37 -  200 -  8.22 0.1363 Struvite
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Table 4.7 X-rav diffraction results of solids precipitated from filtered centrate
Sample (°C -  P mg/L -  pH) Mass (g) XRD
25-21-8 .55 0.0195 No crystalline material
25 -21 -8 .66 0.0195 Struvite
25-21 -9 .08 0.0263 Calcite and struvite
2 5 -40-8 .52 0.0215 Poorly crystalline struvite
25 -80 -8 .32 0.0292 Struvite
2 5 - 100-9.04 0.1250 Struvite
25-200-8.01 0.1100 Struvite
37 -21-8 .58 0.0150 Poorly crystalline struvite
37 -80 -8 .29 0.0310 Struvite
37 -  100 -  8.72 0.0520 Struvite
37-200-8.43 0.0820 Struvite
37-250-7 .68 0.0780 Struvite
4.3.5 Solubility product and conditional solubility product
4.3.5.1 Solubility product 
Solubility product, Ksp, is a specific characteristic of material and the values are 
constant regardless of pH or concentrations of components. However, the solubility 
product is affected by temperature. In this study, pKsp values of struvite were calculated 
by modeling with MINEQL+ and by using residual concentrations of struvite constituents 
obtained from the batch tests. pKsp values are shown in Table 4.8.
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Table 4.8 Values obtained in this study compared to other published values
Year Author pKsp pKspc Conditions
1963 Taylor et al. 13.15 25° C
1972 Borgerding 9.41 pH 7.5, under digester 
conditions
1972 Borgerding 12.6
1980 Snoeyink and Jekins 12.6
1982 Abbona et al. 9.94
1982 Bums and Finlayson 12.3
1982 Bums and Finlayson 12.21
1991 Scott et al 13.04
1992 Webb and Ho 12.86±0.56
1992 Webb and Ho 12.76±0.56
1994 Buchanan et al. 13.15
1994 Buchanan et al. 12.36
1997 Aage et al. 11.65
1998 Ohlinger et al. 13.26
2003 Yoshino et al. 14.11
2004 This study 11.54 37°C -  modeling
9.73 37“C -  batch tests
11.32 25°C -  modeling
9.66 25°C — batch tests
In this study, pKsp values determined by modeling were 11.32 at 25°C and 11.54 at 37 
°C. In other studies, 9.94 at 25°C (Abbona et al., 1982), 12.3 at 38“C (Bums and 
Finlayson, 1982), and 12.82 at 25 “C (Webb and Ho, 1998) were obtained using chemical 
equilibrium models. The pKsp values found in this study agree reasonably with the 
values reported in the literature that vary from 9.94 to 13.26 (Table 4.9). pKsp calculated 
with actual data from batch tests were 9.66 at 25“C and 9.73 at 37°C (Appendix G). Not 
much information is available on pKsp values calculated from batch precipitation tests
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with actual solutions. Taylor et al. (1963) had reported a pKsp of 13.15 at 25 °C. The 
pKsp values found changed with temperature and increased when the temperature 
increased in both cases modeling and batch tests. However, the difference between the 
values is not very great and they differ by less than 2 %.
4.3.S.2 Conditional Solubility Product 
Conditional solubility products were calculated using residual concentrations of 
struvite constituents that resulted from modeling and batch tests. These were calculated 
for concentrations of phosphorus o f 80 mg P/L, magnesium of 55 mg Mg/L, and 
ammonium of 600 mg N/L.
(a) modeling
9.5
9.0
8.5
8.0
7.5
7.0
8.5 9.5 10.08.0 9.0 10.5
(b) Batch te s t
9.5
9.0
8.5
8.0
7.5
7.0
pH
25 ®C - Q — 37 »C
8.0 8.5 9.0 9.5 10.0 10.5
pH
—0 — 37 «C — 25 "C
Figure 4.13 pKspc values resulted from modeling and batch tests
As shown in Figure 4.13, pKspc values in modeling also increased with increased 
temperature and pH and pKspc calculated with batch test data was greater than pKspc 
resulted from MINEQL+ when temperature increased above pH 8.75.
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Table 4.9 oK. .^ values resulting from modeling and batch tests
25°C-pK^ 37"C-pKspc
pH Model Batch pH Model Batch
8.11 7.4 8.1 8.51 8.1 9.2
8.41 7.7 8.3 8.65 8.2 9.4
8.91 8.2 8.3 8.93 8.5 9.7
9.5 8.3 8.8 9.5 8.7 10.1
10.3 8.4 8.8 10.3 9.3 10.3
From the modeling data, pKspc values ranged from 7.4 - 8.4 at 25 °C and 8.1 - 9.3 at 
37°C (Table 4.9). For batch test data, pKsp values were 8.1 - 8.8 at 25 oC and 9.2 - 10.3 
at 37°C (Table 4.2). pKspc of 9.41 at pH 7.5 was reported by Borgerding (1972) and 
pKspcl 1-65 at 25°C was by Aage et al. (1997). Ohlinger et al. (2000) reported pKspc 
values ranging from 7.2 to 8.8 for pHs varying from 7.0 to 9.0 for a wastewater treatment 
plant liquors. In a 2002 review on struvite, Doyle et al. (2002) shows a compilation of 
pKspc values varying from 5.0 -  9.41 for pH values ranging from 6.0 t o l l  .0.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS TO WPCF
5.1 Conclusions
The objective of this research was to determine the struvite formation potential at the 
Las Vegas Water Pollution Control Facility due to the introduction of Enhanced 
Biological Phosphorus Removal (EBPR) to the treatment process. To determine this 
potential, mass balances for current and future operations conditions were performed to 
estimate major recycle streams in the plant and to determine the P concentrations in these 
streams. The P levels found in the mass balances were used to guide the phosphorus 
concentrations to be used in actual batch struvite precipitation tests and chemical 
equilibrium modeling for the WPCF centrifuge centrate. The following conclusions can 
be drawn from this research:
1. At full design capacity (60 MOD CPR and 30 MGD EBPR), the WTCF sludge is 
estimated to be composed of about 78% of primary, 10.8% EBPR, and 11.2% 
nitrification sludges. While the primary sludge contains phosphorus that is strongly 
bound to iron, the secondary sludge has the potential to release phosphate, specially 
the EBPR sludge that contains high levels of polyphosphate.
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2. It was estimated that over 4,700 lbs/day of ammonia will be produced from anaerobic 
digestion at WPCF at full design capacity.
3. The wastewater at WPCF contains significant amounts of calcium and magnesium as 
a result of the high hardness of Lake Mead's water. Calcium concentrations varying 
from about 70-99 mg/L as Ca^  ^were detected in the plant. Magnesium 
concentrations ranging from 36-59 mg/L as Mg^ "*^  were also detected.
4. Over 1601bs/day OP and 5,100 lbs/day TP are fed to the anaerobic digesters at 
WPCF.
5. The recycle stream identified at WPCF with the largest potential for struvite 
formation is the centrifuge centrate from the digested sludge dewatering system. This 
stream contains ammonia concentrations greater than 750 mg/L and magnesium 
concentrations above 58 mg/L. The formation of struvite in this stream is limited by 
phosphorus concentration.
6. Mass balance calculations on WPCF digesters indicated that, at current operating 
conditions, phosphorus concentrations in the centrifuge centrate can vary from 69 
mg/1 to over 150 mg/L OP, for 50% P release from the sludge.
7. Potential orthophosphate concentrations in the centrifuge centrate, estimated from 
actual measurements within the anaerobic digesters, revealed that OP concentrate in 
the centrate of WPCF would vary from 87 mg P/L to 235 mg P/L, if  no FeCL is 
added to the digesters.
8. Evaluation of struvite formation potential of the WPCF centrate, using actual centrate 
to which varying amounts of OP were added, revealed that OP concentrations a low 
as 20 mg P/L support struvite formation in the centrate.
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9. The optimum pH for struvite formation in the centrate was found to be within 9.0-9.5 
for phosphate concentrations ranging from 20-250 mg P/L. Chemical spéciation 
modeling using MINEQL+ revealed that the optimal pH to promote struvite 
formation at the WPCF leachate is 9.0. This value is within the pH range found using 
batch tests and it is within the range reported by other scientists.
10. For the WPCF centrate, as initial phosphorus concentrations increased, the 
phosphorus removal efficiencies decreased and the magnesium removal efficiencies 
increased. At OP concentrations above 80 mg P/L, magnesium is a limiting factor to 
form precipitates in the WPCF centrate. Ammonia removal efficiencies were found 
to be much lower than those for magnesium and phosphorus because ammonia is 
present in the centrate in excess.
11. The solubility product of struvite determined for the WPCF centrate using MINEQL+ 
modeling was found to be 11.54 (37 °C) and 11.32 (25 °C). These values agree with 
those reported in the literature that vary from 9.94 to 13.26. Solubility product of 
struvite calculated based on residual phosphate, magnesium, and ammonium 
concentrations at equilibrium state measured in the batch tests, were found to be 9.72 
(25 °C) and 9.76 (37 °C). The pKsp values were in the range of values reported 
previously and the values increased as temperature increased from 25 °C to 37 °C.
12. Stmvite conditional solubility product using residual concentrations for 80 mg P/L,
55 mg Mg/L, and 600 mg N/L were found to vary from 7.4 - 8.4 (25 °C) and 8.1 - 9.3 
(37 °C) using the software MINEQL+. For batch test residual concentrations of 
stmvite constituents, the conditional solubility product was determined as 8.1 - 8.8
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(25 °C) and 9.2 -10.3 (37 °C). These values are comparable to those compiled in the 
literature.
13. Struvite was detected by X-Ray diffraction in 23 out of 25 precipitate samples 
obtained in the batch precipitation test using the WPCF centrifuge centrate. Some of 
the precipitates were obtained in batch tests that contain phosphorus concentration as 
low as 21 mg P/L.
14. The masses of precipitate obtained in the batch tests were smaller than those 
forecasted by modeling. This may be a consequence of not accounting for all 
components of the centrate in the model or it may be due to less than perfect 
solid/liquid separation in the batch tests. At higher temperature, more precipitates 
were measured in both modeling and batch tests and this result is in accordance with 
the pKsp change with temperature.
5.2 Recommendations to Las Vegas Water Pollution Control Facility 
The results of this study indicate that there is a strong potential for struvite to be 
formed at WPCF dewatering centrifuge. The major factor limiting struvite formation is 
the concentration of phosphate in the centrate. This concentration was estimated by mass 
balances and is likely to increase to values higher than 200 mg P/L when EBPR is 
introduced. The following alternatives are recommended to minimize the potential for 
struvite formation at the Las Vegas WPCF:
Alternative 1 - Addition of FeCL to the digesters 
This alternative is currently being used by WPCF. It involves adding FeCh to the 
digesters to form FeP04 within the digester. The process is similar to the chemical
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phosphorus precipitation currently performed by WPCF to remove phosphorus in the 
primary clarifiers. An advantage of this alternative is that involves a well established 
process. Metal salt precipitation had been used more widely than biological phosphorus 
removal (BPR) process due to its relative simplicity and reliability to achieve lower 
phosphate concentrations and because phosphorus combines strongly with metal ions. In 
addition, this alternative does not require WPCF to construct any facility since FeCb 
storage tanks are already on site for use in the chemical phosphorus precipitation portion 
of the plant. The disadvantages of this alternative are: (a) the dosages of ferric chloride 
needed are very high because of the high concentration of solids in the digesters, (b) 
ferric chloride addition is hard to control operationally because P release may change 
significantly within the digesters, (c) WPCF already has an iron scale issue in their 
centrifuges and that is why reuse water (site # 3 8 -  Figure 3.1) is currently added to dilute 
the centrate, (d) the amount of solids to be processed by the dewatering centrifuges would 
increase because of the formation o f Fe(0H)3 and FeP04, (e) the purpose of EBPR system 
is defeated since chemical addition is needed.
Alternative 2 - Stop Digesting Secondary EBPR and/or Nitrification Sludges 
In this case, the EBPR and/or nitrification sludges would not be digested. A 
disadvantage of this alternative is that it requires modification of the plumbing of the 
EBPR system to bring thickened secondary sludge directly to the dewatering centrifuges. 
In addition, there would be an increase in the water content of the sludge cake because 
dewatering of secondary sludge alone is more difficult than digesting combined primary 
and secondary sludge. Advantages of this alternative are: (a) phosphorus contained in 
EBPR and nitrification sludges would not be released within the digesters, (b) the
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purpose of the EBPR introduction is maintained because no chemicals have to be added,
(c) the amount of solids to be processed by the dewatering system would not be 
increased, (d) no addition chemical cost is added to the process.
Several aspects of this alternative, however, have to be analyzed before it is 
implemented, including;
1) Reviewing the current sludge disposal permit for potential violations. This should 
not present a major problem because other plants in the Las Vegas Valley dispose 
of wastewater sludge that is not digested.
2) Examining the viability of isolating one sludge storage tank exclusively for 
secondary sludge. The current plumbing layout of the plant allows for separation 
of flows in any of the storage tanks and the mass of secondary sludges is only 
about one third of the total mass of sludge produced.
3) Testing the viability of centrifuging secondary sludge alone and obtaining a 30%- 
solids cake. Generally, a mixture of primary and secondary sludge is easier to 
dewater than secondary sludge alone. When secondary sludge is dewatered by 
itself only about 18-22  % solids can be obtained as compared to 30-35% when 
mixed sludge is dewatered. However, polymer addition can result in higher solid 
concentrations.
4) Assessing the availability of specific centrifuges for secondary sludge processing 
only. With small plumbing modification, it is possible for WPCF to use some of 
its centrifuges exclusively for secondary sludge dewatering.
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WPCF has recently extended UNLV's study on struvite formation to perform 
dewatering tests in its centrifuges using secondary sludge only. This test will be 
performed in collaboration with HDR engineering and the centrifuge manufacturer.
Alternative 3 - Intentional Struvite Precipitation and/or Ferric Chloride Addition
to the Centrifuge Centrate 
This alternative assumes phosphate is released from the sludge and it must be 
removed before recycle streams are returned to the headworks. The advantage of this 
alternative is that very low effluent phosphorus concentrations can be obtained. In the 
case of intentional struvite precipitation, the pH would have to be increased to about 9.0 
for optimal struvite precipitation. As the batch tests show, aeration alone (carbon dioxide 
release) is sufficient to increase the pH of WPCF's centrate to about 8.5. As revealed by 
the batch tests, for P concentration below 80 mg/L, about 90 % of P can be removed. For 
higher P concentrations, the centrate becomes limited by magnesium. In this case, 
magnesium would also have to be added. The precipitates from this process could be 
marketed as a slow release fertilizer and is significant in that utilization of struvite as 
fertilizer helps orthophosphate as a phosphate resource to be recycled. However, the 
separation of the product crystal from the other materials present in wastewater streams 
has been reported to be difficult technically and further investigation should be performed 
to produce a high quality fertilizer.
In the case of ferric chloride addition, the major advantage is that this process is well 
understood and easy to operate. A reactor and a clarifier would have to be added to the 
system to precipitate ferric phosphate and separate the precipitate from the liquid stream. 
In some plants in the US, this alternative has been used and the recycle stream is returned
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to the primary tanks. Although significant cost may be associated with adding the needed 
piping to accomplish this task, there is no need to build a clarifier.
A risk with ferric chloride and intentional struvite precipitation is the unintentional 
formation of struvite in the pipes that transfer the sludge from the digester to the 
dewatering process. This can occur when the centrate is degassed (CO2 is released) in the 
process.
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APPENDIX A
MASS BALANCE SPREADSHEETS 
Mass balances were performed using the Excel spreadsheet for each unit process at 
WPCF for all three scenarios. The mass balances performed for scenario 2 are shown in 
the following pages. An example mass balance, to illustrate how the calculations were 
performed, is shown below for the solid balance in gravity thickener 1&2. The 
corresponding spreadsheet calculation is shown in Table A.I. The numbers in 
highlighted areas were calculated from the mass balances based on the numbers present 
in the non-highlighted areas.
8. W ater 
106m g/L  
0,54 MGD 
477  lbs/day
A
3. Solids from primary 
sedim entation basins
6500 mg/L
0.65 MGD
35128 lbs/day
Gravity thickener ^  9. Solids 
38470  mg/L 
0.11 MGD 
34651 lbs/day
Figure A. 1 Mass balance schematic on gravity thickener 1&2
Table A.l Mass balance spreadsheet on gravitv thickener 1&2
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
3 0.648 6500.00 35128.08
35128.08
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
8 106.00 477.38
9 0.108 # m a 8 4 7 0 i0 0 34650.70
35128.08
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CPR  = 30 MGD, EBPR = 30 MGD, S u sp en d ed  solids
Prim ary sed im entation  1&2
INPUT ISITE# FLOW RATE (MGD) I CONC. (mg/l) MASS (lb/day)
1 15 200 25020
FeP04+Fe(0H)3 3584.048494
8 0.54 106 477.3816
22 0.45 277 1039.581
36 4 100 3336
38 0.432 0 0
33457.01109
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
2 19.774 43 7091.35188
3 0.648 6500 35128.08
42219.43188
Pnmary sedimentation 3&4
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
1 15 200 25020
FeP04+Fe(0H)3 3931.445237
10 0.55 103.33 473.97471
29425.41995
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
4 14.902 22 2734.21896
5 0.648 6000 32425.92
35160.13896
Primary sedimentation 5&6
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
1 30 200 50040
FeP04+Fe(0H)3 2.993069817
12 1.271 385 4081.0539
31.271 54124.04697
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
6 29.746 94.8 23518.13947
7 1.525 1800 22893,3
46411.43947
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CPR  = 30 MGD, EBPR = 30 MGD, S u sp en d ed  solids
S econdary  sed im entation  1&2
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) I MASS (lb/day)
14 19.774 43 7091.351881 7091.35188
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
16 19.126 38 6061.41192
17 0.648 282 1524.01824
7585.43016
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
15 14.902 22 2734.21896
2734.21896
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
18 14.254 19 2258.68884
19 0.648 177 956.56464
3215.25348
NIP
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) IMASS (lb/day)
16 19.126 38 6061.41192
18 14.254 19 2258.68884
25 0.387 320 1032.8256
9352.92636
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) {MASS (lb/day)
27 33.767 381 10701.437641 10701.43764
Nitnftcation basins
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
27 33.767 38 10701.43764
10701.43764
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
28 33.617 7 1962.56046
30 0.15 8600 10758.6
12721.16046
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C PR  = 30 MGD, EBPR = 30 MGD, S u sp en d ed  solids
BNR aeration  basins
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
6 29.746 94.8 23518.13947
23518.13947
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
31 29.358 3.9 954.898308
34 0.388 6500 21033.48
21988.37831
Rltratlon - -
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
28 33.617 7 1962.56046
31 29.358 3.9 954.898308
2917.458768
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
36 4 100 3336
35 58.975 0 0
3336
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) IMASS (lb/day)
35 58.975 0| 01 0
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
37 58.543 0 0
38 0.432 0 0
0
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C PR = 30 MGD, EBPR = 30 MGD, S u sp en d ed  solids
GravHy th ickener U 2
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
3 0.648 6500 35128.08
35128.08
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
8 0.54 106 477.3816
9 0.108 38470 34650.6984
35128.08
Gravity ^ 4
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
5 0.648 6000 32425.92
32425.92
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
10 0.55 103 472.461
11 0.098 39095.40816 31953.459
32425.92
Gravrty thickener
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
7 1.525 1800 22893.3
22893.3
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
12 1.271 385 4081.0539
13 0.254 8880.570866 18812.2461
22893.3
Digesters
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
9 0.108 38470.00 34650.70
11 0.098 39095.41 31953.46
13 0.254 8880.57 18812.25
24 0.151 30000.00 37780.20
123196.60
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
20 0.483 20728.14 83527.58
83527.58
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C PR  = 30 MGD, EBPR = 30 MGD, S u sp en d ed  solids
D ew atering
INPUT SITE # FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
21 0.483 20728.14 83527.58
83527.58
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
22 0.450 277.00 1039.58
23 0.033 297911.07 82488.00
83527.58
INPUT SITE# FLOW RATE (MGD) CONC.(mg/l) MASS(lb/day)
30 0.150 8600.00 10758.60
34 0.388 6500.00 21033.48
31792.08
OUTPUT SITE# FLOW RATE (MGD) CONC.(mg/l) MASSdb/day)
26 0.538 7085.50 31792.08
31792.08
WAGeentrlftiges
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
26 0.538 7085.50 31792.08
31792.08
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
24 0.151 30000.00 37780.20
25 0.387 320.00 1032.83
38813.03
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C PR  = 30 MGD, EBPR = 30  MGD, orthophosphom s
Primary eedimenWlon 1&2
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) IMASS (lb/day)
1 15 4 500.4
8 0.54 2.55 11.48418
22 0.45 20 75.06
36 4 1 33.36
38 0.432 0.15 0.540432
620.844612
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
2 19.774 1.1 181.406676
3 0.648 3.5 18.91512
P as FeP04 420.522816
1 620.844612
Pnmary sedtmeritatiori 3&4
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
1 15 4 500.4
10 0.55 3 13.761
514.161
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) |MASS (lb/day)
4 14.902 1.3 161.567484
5 0.648 3.4 18.374688
P as FeP04 334.218828
1 514.161
Pnmary sedimentation 5&6
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
1 30 4 1000.8
12 1.271 7.78 82.4690892
1083.269089
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
6 29.746 3.58 888.1322712
7 1.525 12.04 153.13074
1041.263011
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CPR  = 30 MGD, EBPR = 30 MGD, orthophosphorus
B eo p h d a#  sedrmentaHOrt 1&Ô;
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
14 19.774 1.1 181.406676
181.406676
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
16 19.126 1 159.51084
17 0.648 1.75 9.45756
168.9684
secondary aadlmantatfafiSM
WPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
15 14.902 1.3 161.567484
161.567484
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
18 14.254 1.05 124.822278
19 0.648 2.95 15.942744
140.765022
NIP
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
16 19.126 1 159.51084
18 14.254 1.05 124.822278
25 0,387 6.4 20.656512
304.98963
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
27 33.767 1 281.61678
281.61678
Nitnfication basins
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
27 33.767 1 281.61678
33.767 281.61678
OUTPUT SITE# FLOW RATE (MGD) ICONC. (mg/l) MASS (lb/day)
28 33.6171 0.62 173.8267836
30 0.15 2.1 2.6271
1 176.4538836
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C PR  = 30 MGD, EBPR = 30 MGD, orthophosphom s
BNR aojratjoft b'aaina
INPUT SITE# FLOW RATE (MGD) CONC. (mo/I) MASS (lb/day)
6 29.746 3.58 888.1322712
888.1322712
OUTPUT ISITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
1 31 29.358 0.08 19.5876576
34 0.388 30 97.0776
1 116.6652576
Fiftmtloh
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
28 33.617 0.62 173.8267836
31 29.358 0.08 19.5876576
193.4144412
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
36 4 1 33.36
35 58.975 0.15 73.777725
107.137725
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
35 58.975 0.15 73.777725
73.777725
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
37 58.543 0.15 73.237293
38 0.432 0.15 0.540432
73.777725
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C PR  = 30 MGD, EBPR = 30 MGD, orthophosphom s
Gravity thickener 1 &2
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
3 0.648 3.5 18.91512
18.91512
OUTPUT SITE# FLOW RATEiMGD) CONC. (mg/l) IMASS (lb/day)
8 0.54 2.551 11.48418
g 0.108 8.251 7.43094
1 18.91512
Gravity thickener 3&4
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
5 0.648 3.4 18.374688
18.374688
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
10 0.55 3 13.761
11 0.098 5.644897959 4.613688
18.374688
Gravity thickener 5&6
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
7 1.525 12.04 153.13074
1 153.13074
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
12 1.271 7.78 82.4690892
13 0.254 33.35677165 70.6616508
153.13074
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
9 0.108 8.25 7.43094
11 0.098 5.644897959 4.613688
13 0.254 33.35677165 70.6616508
24 0.151 62.76953642 79.048188
161.7544668
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
20 0.483174 110 443.2638276
443.2638276
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C PR  = 30 MGD, EB PR  = 30 MGD, o rthophosphom s
Dewaiering
INPUT SITE# FLOW RATE (MGD) CONC. (mo/l) MASS (lb/day)
21 0.463174 20.00107622 80.59776
80.59776
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
22 0.45 20 75.06
23 0.0332 20 5.53776
80.59776
t W a s  stoiege
INPUT SITE# FLOW RATE (MGD) CONC.(mg/l) MASS(lb/day)
30 0.15 2.1 2.6271
34 0.388 30 97.0776
99.7047
OUTPUT SITE# FLOW RATE (MGD) CONC.(mg/l) MASS(lb/day)
26 0.538 22.221189591 99.7047
1 99.7047
WAS cenlrifuges
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
26 0.538 22.22118959] 99.7047
1 99.7047
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
24 0.151 62.76953642 79.048188
25 0.387 6.4 20.656512
99.7047
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C PR  = 30 MGD, EBPR = 30 MGD, Total phosphorus
PRIMARY s e d im e n t a t io n  18.2
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) Im a SS (lb/day)
1 15 7 875.7
8 0.54 5.4 24.31944
22 0.45 40.3 151.2459
36 4 4.9 163.464
38 0.432 0.3 1.080864
1215.810204
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
2 19.774 2.5 412.2879
3 0.648 180 972.7776
1385.06551
PRIMARY SEDIMENTATION 3&4
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
1 15 7 875.7
10 0.55 7 32.109
907.809
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
4 14.902 2 248.56536
5 0.648 160 864.6912
1113.25656
PRIMARY SEDIMENTATION 58.6
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
1 30 7 1751.4
12 1.271 12 127.20168
1878.60168
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
6 29.746 4.2 1041.942888
7 1.525 45.88 583.52478
1625.467668
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C PR  = 30 MGD, EBPR = 30 MGD, Total phosphorus
SECONDARY SEDIMENTATION 1
INPUT l^T E # FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
14 19.774 2.5 412.2879
412.2879
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/i) MASS (lb/day)
16 19.126 2.3 366.874932
17 0.648 7.9 42.694128
409.56906
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
15 14.902 2 248.56536
248.56536
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
18 14.254 1.8 213.981048
19 0.648 4.93 26.6432976
240.6243456
NIP
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
16 19.126 2.3 366.874932
18 14.254 1.8 213.981048
25 0.387 20.50387597 66.1779
647.03388
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) IMASS (lb/day)
27 33.767 2| 563.23356
1 563.23356
NITRIFICATION BASINS
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) I MASS (lb/day)
27 33.767 21 563.23356I 563.23356
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
28 33.617 0.81 227.0962818
30 0.15 200 250.2
477.2962818
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C PR  = 30 MGD, EBPR = 30 MGD, Total phosphorus
BNR AERATION BASINS
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) IMASS (Ib/dav)
6 29.746 4.21 1041.9428881 1041.942888
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
34 0.388 217.5 703.8126
31 29.358 0.4 97.938288
801.750888
FILTRATION
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
28 33.617 0.81 227.0962818
31 29.358 0.4 97.938288
325.0345698
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
36 4 4.9 163.464
35 58.975 0.3 147.55545
311.01945
OHLORIN CONTACT BASINS
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
35 58.975 0.31 147.555451 147.55545
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
37 58.543 0.3 146.474586
38 0.432 0.3 1.080864
147.55545
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C PR  = 30 MGD, EBPR = 30 MGD, Total phosphorus
GRAVITY THICKENER 1 &2
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
3 0.648 180 972.7776
972.7776
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
8 0.54 5.4 24.31944
9 0.108 1053 948.45816
972.7776
g g B Y T H IO K B E R â M
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
5 0.648 160 864.6912
864.6912
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
10 0.55 7 32.109
11 0.098 1018.673469 832.5822
864.6912
g r a v it y  THICKENER 5S6
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
7 1.525 45.88 583.52478
583.52478
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
12 1.271 12 127.20168
13 0.254 188 398.25168
525.45336
i i l G E S T E R S
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
9 0.108 1053 948.45816
11 0.098 1018.673469 832.5822
13 0.254 188 398.25168
24 0.151 705 887.8347
3067.12674
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) IMASS (lb/day)
20 0.483174 761.13573991 3067.126741 3067.12674
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C PR = 30 MGD, EBPR = 30 MGD, Total phosphorus
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
21 0.483174 761.1357399 3067.12674
3067.12674
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
22 0.45 40.3 151.2459
23 0.0332 10530.90361 2915.88084
3067.12674
TWAÔ STORAGE
INPUT SITE# FLOW RATE (MGD) CONC.(mg/l) MASS(lb/day)
30 0.15 200 250.2
34 0.388 217.5 703.8126
954.0126
OUTPUT SITE# FLOW RATE (MGD) CONC.(mg/l) MASS(lb/day)
26 0.538 212.6208178 954.0126
1 954.0126
W A S  C E N T R I F U G E S
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
26 0.538 212.6208178 954.0126
954.0126
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
24 0.151 705 887.8347
25 0.387 20.50387597 66.1779
954.0126
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C PR = 30 MGD, EBPR = 30 MGD, Ammonia
Pnmary eedimentatlon 1&2
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
1 15 22 2752.2
8 0.54 28.4 127.90224
22 0.45 750 2814.75
36 4 0.1 3.336
38 0.432 0.25 0.90072
5699.08896
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (Ib/dav)
2 19.774 32.91918681 5428.87296
3 0.648 50 270.216
5699.08896
Pflmaor sedimentation 3&4
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
1 15 22 2752.2
10 0.55 20.5 94.0335
2846.2335
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
4 14.902 22 2734.21896
5 0.648 34 183.74688
2917.96584
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (Ib/dav)
1 30 22 5504.4
12 1.271 24 254.40336
5758.80336
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
6 29.746 24.1 5978.767524
7 1.525 31 394.2735
6373.041024
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C PR  = 30  MGD, EBPR = 30 MGD, Ammonia
sec o n d a ry  sed im entation  1
INPUT SITE# [FLOW RATE (MGD) CONC. (mg/l) MASS (ib/dav)
14 19.774 32.91918681 5428.87296
5428.87296
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
16 19.126 32.98420998 5261.33904
17 0.648 31 167.53392
5428.87296
secondary sen,menlal.on3&4
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) IMASS (lb/day)
15 14.902 221 2734.218961 2734.21896
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
18 14.254 19 2258.68884
19 0.648 23.94 129.3794208
2388.068261
NIP
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
16 19.126 32.98420998 5261.33904
18 14.254 19 2258.68884
25 0.387 8.5 27.43443
7547.46231
OUTPUT SITE# 1 FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
271 33.767 251 7040.4195
1 1 7040.4195
Nitrification basin
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
27 33.767 25 7040.4195
7040.4195
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
28 33.617 0.25 70.091445
30 0.15 27 33.777
103.868445
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C PR  = 30 MGD, EBPR = 30 MGD, Ammonia
BNR aeration  basin
INPUT SITE# FLOW RATE (MGD) CONC. (mo/l) MASS (lb/day)
6 29.746 24.1 5978.767524
5978.767524
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
34 0.388 30 97.0776
31 29.358 0.076 18.60827472
115.6858747
Filtration
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (lb/day)
28 33.617 0.25 70.091445
31 29.358 0.076 18.60827472
88.69971972
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (ib/day)
36 4 0.1 3.336
35 58.975 0.25 122.962875
126.298875
CWorine contact basin
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (Ib/day)
35 58.975 0.25 122.962875
122.962875
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (Ib/day)
37 58.543 0.25 122.062155
38 0.432 0.25 0.90072
122.962875
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C PR  = 30 MGD, EBPR = 30 MGD, Ammonia
G ravity th ickener
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (ib/day)
3 0.648 50 270.216
270.216
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (ib/day)
8 0.54 28.4 127.90224
9 0.108 158 142.31376
270.216
Gravity thickener
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (Ib/day)
5 0.648 34 183.74688
183.74688
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (Ib/day)
10 0.55 20.5 94.0335
11 0.098 109.7653061 89.71338
183.74688
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (Ib/day)
7 1.525 31 394.2735
394.2735
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (Ib/day)
12 1.271 24 254.40336
13 0.254 66.02755906 139.87014
394,2735
Digeetere
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (Ib/day)
9 0.108 158 142.31376
11 0.098 109.7653061 89.71338
13 0.254 66.02755906 139.87014
24 0.151 82.12251656 103.42017
475.31745
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/i) MASS (Ib/day)
20 0.4832 820 3304.50816
3304.50816
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CPR = 30 MGD, EB PR  = 30 MGD, Ammonia
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (Ib/day)
21 0.4832 820 3304.50816
3304.50816
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (Ib/day)
22 0.45 750 2814.75
23 0.0332 1768.795181 489.75816
3304.50816
TWAS storage
INPUT SITE# FLOW RATE (MGD) CONC.(mg/l) MASSdb/day)
30 0.15 27 33.777
34 0.388 30 97.0776
130.8546
OUTPUT SITE# FLOW RATE (MGD) CONC.(mg/l) MASSdb/day)
26 0.538 29.16356877 130.8546
130.8546
INPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (Ib/day)
26 0.538 29.16356877 130.8546
130.8546
OUTPUT SITE# FLOW RATE (MGD) CONC. (mg/l) MASS (Ib/day)
24 0.151 82.12251656 103.42017
25 0.387 8.5 27.43443
130.8546
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APPENDIX B
DETERMINATION OF THE MASS OF SLUDGE FORMED
AT WPCF WITH THE ADDITION OF FeClg
The Precipitation of Phosphorus with Iron 
Fe^+ + P04 '^ FeP04 
Fe "^' + 30H ' Fe(0H)3
Characteristics of ferric chloride solution
Flow rate
plant 1&2 plant 3&4 plant 5&6
gal/day 998 1155 1
Added ferric chloride mass 
Mass (kg/day)
= flow rate (gal/day) * specific gravity * dosage * 3.785 (conversion factor for unit)
plant 1&2 plant 3&4 plant 5&6
kg/day 2061.23 2385.49 2.07
mole/day as FeClj 
(FeClj = 162.21 g/mole) 12707.17 14706.18 12.76
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Formed FeP04 mass 
Mass (kg/day)
= removed P mole * 150.82 g FeP04/mole
plant 1&2 plant 3&4 plant 5&6
Removed P mass
497.77 lb/day 448.30 lb/day 0 lb/day
226.26 kg/day 203.77 kg/day Olb/day
Removed P mole 
(P =  30.97 g/mole) 7305.78 mole 6579.59 mole 0 mole
Formed FeP0 4
1101.86 kg/day 992.33 kg/day 0 kg/day
2424.09 lb/day 2183.13 lb/day 0 lb/day
Formed Fe(OH)] mass 
Mass (kg/day)
= remained Fe^  ^mole * 106.85 g Fe(OH)3/mole
Plant 1&2 Plant 3&4 Plant 5&6
Remained Fe^  ^mole 5401.32 8126.59 12.76
Formed Fe(OH)j
577.13 kg/day 868.33 kg/day 1.36 kg/day
1269.69 lb/day 1910.33 lb/day 2.99 lb/day
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APPENDIX C
ESTIMATION OF SOLIDS REDUCTION IN DIGESTERS 
Laptak(1974) developed an equation for the estimation of the amount of volatile solids 
destruction by anaerobic digester.
Where, Vd = % volatile solids destruction 
SRT = digestion time in days
At the WPCF, Digester volume 
= 86,000ft^ X Mdigesters = 1 ,0 3 2 ,0 0 0 (volume)
Sludge feeding rate : 20-30 gal/min (Assume feeding rate o f 30 gal/min)
30
min lA ^ga l
= 4 .0 1 ^x 1 4 4 0 -"^^” - ^ ' ’'’^ " ''^ ' '
mm day
= 5,775.40)1'/day
5,775.40—— xlldigesters = 69,304.8ft^  / day 
day
SRT = 1,032,000)1' = i4.89day « 15day
69,304.8)l'/day
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APPENDIX D
RESIDUAL CONCENTRATION MEASURED IN BATCH TESTS 
WITH FILTERED CENTRATE AT 25 “C AND 37 °C
25 °C (filtered) pH
phosphorus 
mg P/L
ammonia 
NH4+-N mg/L
magnesium 1 
Mg mg/L
iron 
Fe mg/L
calcium 
Ca mg/L
P = 21 mg/L 8.55 7.4 483 38.6 0 68.5
Initial 8.66 3.65 454 41.4 0 27.8
9.08 3.8 428 36.3 0 28.2
9.63 1.9 412 35.6 0 13.4
10 2.35 433 25.4 0 14.2
P= 40 mg/L 8.52 8.3 440 32.5 0 58.5
8.55 3.6 450 28.5 0 17.1
8.96 5.7 408 22.5 0 11.0
9.58 3.4 424 17.6 0 11.0
10.04 0.3 380 17.3 0 11.5
P = 80 mg/L 8.32 19.6 468 11 0 70.0
8.49 16.8 426 8.3 0 58.4
9 13 384 1.8 0 9.0
9.49 12 402 2.8 0 3.4
10 11.8 396 3 0 3.1
P = 100 mg/L 8.13 32.5 481 13.4 0 58.0
8.37 30 446 5 0 55.8
9.04 21.5 430 4.7 0 36.3
9.46 23 410 3 0 11.1
9.99 21.5 415 1.5 0 5.5
P = 150 mg/L 8.24 70 444 3.4 0 34.4
8.37 67 450 2.5 0 31.9
8.86 64 448 1.8 0 17.1
8.93 66 422 1.3 0 17.9
9.95 63 425 1.6 0 5.4
P = 200 mg/L 8.01 154 444 5.4 0 23.1
8.25 166 460 2.7 0 19.6
8.62 154 444 1.6 0 13.4
9.42 154 406 1.1 0 14.2
9.94 144 422 1.3 0 5.9
P = 250 mg/L 8.01 114 464 1.7 0 29.2
8.3 116 470 2.1 0 24.6
8.76 114 446 1.8 0 9.0
9.41 106 400 0,8 0 10.7
9.88 60 406 0.9 0 10.5
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37 °C  (filtered) pH
phosphorus 
mg P/L
ammonia 
NH4+-N mg/L
magnesium 
Mg mg/L
iron 
Fe mg/L
calcium 
Ca mg/L
P = 21 mg/L 8.41 4.4 592 41 0 28.5
Initial 8.58 4 572 30.6 0 37.6
8.82 4 552 28.9 0 32.4
9.029 2.7 548 23.4 0 17.5
9.78 3.2 541 26.2 0 16.9
P= 40 mg/L 8.44 9.3 556 25.5 0 26.0
8.52 8.5 480 20.9 0 33.6
9.21 5.7 520 12.5 0 19.4
8.71 6.6 468 16.7 0 28.5
9.7 3.9 408 11.3 0 13.4
P = 80 mg/L 8.29 18.4 468 6.4 0 37.5
8.46 21.8 456 7.1 0 28.3
8.25 17.2 444 5.5 0 23.0
9.23 15.8 520 3.5 0 2.2
9.72 17.4 460 2.3 0 4.2
P = 100 mg/L 6.29 39.5 604 7 0 28.5
8.41 39 568 3.4 0 26.4
8.72 36.5 556 3.6 0 26.1
9.2 36.5 512 2.3 0 20.2
9 .7 ^ 32.5 514 2 0 16.7
P = 150 mg/L 8.2 90.4 528 4.3 0 24.9
8.3 86.4 564 1.9 0 28.9
8.66 82.4 508 1.6 0 21.4
9.2 81.6 468 0.8 0 14.7
9.67 78.4 460 1.2 0 14.0
P = 200 mg/L 8.43 132 556 1 0 14.4
8.37 146 540 1.7 0 21.2
8.65 134 516 1.2 0 18.0
9.16 136 536 0.7 0 14.9
9.66 140 464 0.8 0 6.7
P = 250 mg/L 7.68 180 580 1.7 0 25.2
7.93 186 464 1.7 0 21.2
8.53 180 432 1 0 14.4
9.19 180 460 0.7 0 6.9
9.67 164 505 0.8 0 6.7
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APPENDIX E
SENSITIVITY ANALYSIS OF IONIC STRENGTH 
Residual concentrations of species and concentrations of precipitates do not show 
significant changes although ionic strength is changed from 0.0229 to 0.5.
Residual concentrations based  on different ionic streng ths
0.0016
0.0014
0.0012
# 0.0010
o  0.0008
0.0006
g  0.0004
0.0002
0.0000
Mg Struvite Dolonnite hydroxylapatite
■  2.29E-02 ■  4 .4 6 5 0 2  ■  5 .00501
Figure E. 1 The effect of ionic strength to the concentrations of residuals and
precipitates
142
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
APPENDIX F
X-RAY DIFFRACTION RESULTS OF PRECIPITATES OBTAINED
IN THE BATCH TESTS 
Samples labeled Precip and Precip A do not belong to the struvite experiments
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Mineralogy is determined for a l  samples using X-ray Diffraction analysis. The scale of some 
dunactogiams has been se t to  better reveallow Intensity detafl, In doing so the higher Intensity peaks 
are trunôted . The results are as foOows:
Predp: Contains major hematite and maghemite
PredpA: Contains major goethitB and siderite.
univi: Contains poorly oystalHne stiuvita (NtLMgPOguGHiO).
unlv ll: Contains struvite (NILMgPO^eSHgP).
unlvlB: Contains struvite (NH^MgPO^eeitO).
unlv26: Contains struvite (NH^MgPO^eSHgO).
unlv37: Contains poorly crystalline struvite (NHil4gP04*6H ^ ) .
unlv46: Contains struvite (NH^MgPO^eGH^j.
unlvS3: Contains struvite (NILMgPO^teSHjO).
unh/61: Contains stnrvlte (NmMgPO^eGHgO).
unh/71: Contains pooriy crystalline struvite (NH4MgP04«6H20).
unlv73: Contains caldte and struvite (NILMgPO^aeHgO).
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unlv88 Contains struvite (NHtMgPO^vGHgO).
unlv96: Contains struvite (NH4MgPQ««6H]0 ).
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un(vl06: No crystalline material detected,
unltf 108: Contains caldte and stmvfte (NH*MgPO,#GH/l).
unltfU6: Contains stntvlte (NH^MgPO^aôHjO).
unN123: Contains struvite (NH^MgPQtudHjO).
unlvl31: Contains struvAe (NH4MgPO*#6H^O).
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APPENDIX G
CALCULATIONS OF IONIC STRENGTH AND SOLUBILITY PRODUCT
IN BATCH TESTS
Ionic strength
The ionic strength can be calculated using the equation devised by Lewis and Randall 
(Snoeyink and Jenkins, 1980).
^ I
H = ionic strength Ci = concentration of ionic species, i Zi = charge of species 
Using the equation, the ionic strength of centrale could be calculated.
Table F.l Calculation of ionic strength of WPCF centrale for P = 80 mg/L
Species Ci Z|
Af+ 6.63E-05 3
Ca"+ 1.88E-03 2
Fe""" 4.09E-05 2
K+ 3.53E-03 1
Mg'+ 2.23E-03 2
NHi’^ -N 4.29E-02 1
P04 -^ 2.58E-03 3
COa"- 3.16E-04 2
Ionic strength, 4.4053E-02
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Solubility product in batch tests
When phosphorus concentration is 80 mg/L, the ionic strength was 4.4053E-02 (Table 
F.l) and the activity coefficient can be calculated using a following equation:
1 ,  2 V 7logy = -A z   pr
1 + V 7
A = 1.82x10^
E = 87.74-0.4008/ + 9.398xlO"^/^ -1.141x10"^/^
T = temperature in K 
t = Celsius degree, "C 
Y = activity coefficient 
Z = charge of species 
I = ionic strength of solution
Using activity coefficients, the solubility product can be calculated: 
pKsp =  -log(K sp)
The conditional solubility product can be calculated using this equation:
K ., ,= { M g ^ * y [ N H : v [ p o n" spc
Solubility product and conditional solubility product are shown in Table F.2.
Table F.2 pK^ and pKcpr (initial phosphorus concentration = 80 mg/L) 
At 25 °C
pH phosphorus (M) magnesium (M) ammonium (M) pKsp pKspc
8,11 5.356E-04 4.542E-04 3.100E-02 9.287 8.123
8.41 3.677E-04 3.917E-04 3.214E-02 9.499 8.334
8.91 3.613E-04 4.000E-04 2.986E-02 9.530 8.365
9.5 3.484E-04 1.375E-04 2.957E-02 10.014 8.849
10.03 3.225E-04 1.625E-04 2.900E-02 9.983 8.818
At 37 °C
pH phosphorus magnesium ammonium pKsp pKspc
8.51 4.194E-04 6.292E-04 3.600E-02 9.214 8.022
8,65 3.742E-04 4.292E-04 3.757E-02 9.411 8.219
8.93 2.968E-04 2.833E-04 3.586E-02 9.712 8.521
9.33 2.258E-04 1.625E-04 3.357E-02 10.101 8.909
9.85 2.258E-04 1.292E-04 3.143E-02 10,229 9.038
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APPENDIX H
PRECIPITATES FORMED IN THE WPCF CENTRATE ESTIMATED 
USING MINEQL+ (AT 37°C)
Phosphorus
concentration
(mg/L)
pH Struvite
(mg/L)
Dolomite
(mg/L)
Hydroxylapatite
(m^L)
Magnesite
(mg/L)
Initial 
(21 mg/L)
8.61 0.0364 0.0273 0.0636
8.66 0.0380 0.0265 0.0645
9.04 0.0756 0.0061 0.1016
9.4 0.0867 0.1017
9.89 0.0867 0.0062 0.0929
40 mg/L 8.43 0.0039 0.0471
8.63 0.0057 0.0472
9.1 0.0427 0.0609 0.0139
9.45 0.0226 0.0834 0.0018
9.9 0.0867 0.0062
80 mg/L 8.51 0.0773 0.0472 0.1245
8.65 0.0797 0.0472 0.1270
8.93 0.0895 0.0129 0.0402 0.1426
9.33 0.0822 0.0374 0.0269 0.1464
9.85 0.0185 0.0867 0.1052
100 mg/L 8.3 0.0981 0.0472 0.1454
8.41 0.1024 0.0472 0.1496
8.88 0.1141 0.0472 0.1613
9.34 0.1055 0.0364 0.1619
9.83 0.0193 0.1059
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APPENDIX I
EXAMPLE PLOTS FOR RESIDUAL CONCENTRATIONS OF Mg AND P 
OBTAINED IN THE BATCH TESTS OF WPCF CENTRATE
2.5
P=40 mg/L
a - 2.0!
1.5
I  . ..I
I 0.5
0.0
8.0 8.5 9.0 9.5 10.0
pH
— molar concentration of phospohrus (mole/L)
—  molar concentration of magnesium (mole/L)
3.5
P=1003.0
2.0
I
I
0.5
0.0
8.5 9.0 9.5 10.08.0
pH
molar concentration of phsophorus (mole/L) 
molar concentration of magnesium (mole/L)
3.0
P =80 mg/L
2.5
I
2.0I
I 1.5
Ê
I
0.5
0.0
10.09.0
pH
molar concentration of ptiosptwrus (mole/L) 
molar concentration of magnesium (mole/L)
6.5
6.0
P = 2 0 05.5
I
I
5.0
4.5
4.0
0.5
0.0
10.08.0 8.5 9.0 9.5
pH
- # — molar concentration of phosphorus (mole/L) 
- 0 — molar concenratlon of magnesium (mole/L)
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APPENDIX J
SOLID AND SOLUBLE SPECIES REPORTED BY MINEQL+ 
WHEN THE P CONCENTRATION IN THE CENTRATE IS 80 mg/L
2.5
2.0
1.5
1.0
0.5
0.0
10.08.5 9.0 9.5
+ H P O /'
— ^Hydroxylapatite 
(Ca5(P04)30H)
Mg'
A I(O H )/
pH
40
I —  Struvite
MgHH^ PO^ ÔHzO)
35
30
25
NH20
15
10
5
0
10.08.5 9.0 9.5
pH
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